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Commercially available ultrasound quality assurance (QA) phantoms are generally 
manufactured from tissue mimicking material (TMM). The purpose of these QA 
phantoms is to assess the performance of ultrasound scanners. The acoustic 
properties of this TMM closely match those of soft tissue over the range of frequencies 
most often used in clinical ultrasound scanning (2 – 15 MHz). However, with 
increasing applications of ultrasound above 15 MHz knowledge of the acoustic 
properties of soft tissue at these higher frequencies is required to manufacture a QA 
phantom suitable for the assessment of higher frequency ultrasound scanners. There 
is no commercially available QA phantoms for the performance assessment of 
ultrasound scanners above 15 MHz. 
The aim of this work was to develop a tissue-mimicking-material (TMM) that closely 
matches the acoustic properties of small animal soft tissues at high frequencies. Such 
a material would, therefore, be suitable for ultrasound QA phantoms for applications 
with high frequency ultrasound scanners (15 MHz to 50 MHz).  
In order to develop a TMM suitable for high frequencies, a sequence of steps was 
followed. Firstly, the longitudinal stability of the acoustic properties of a material 
often used in QA phantoms, IEC agar-TMM, was assessed across the frequency range 
of 4.5 – 50 MHz. Secondly, the acoustic properties of the IEC agar-TMM component 
ingredients and the acoustic properties of small animal soft tissue were also assessed 
at frequencies above 15 MHz. 
Using the acoustic properties of the IEC agar-TMM component ingredients and those 
of the small animal soft tissue, a TMM suitable for high frequencies can be developed. 
This TMM, based on the IEC agar-TMM, can be used to manufacture a QA phantom 









Many applications of ultrasound test phantoms require that the acoustical properties 
of the phantom should closely match those of soft tissue. Numerous commercial test 
phantoms of this type are available for use with clinical ultrasound scanners, which 
use frequencies up to 20 MHz. However, scanners designed for imaging small 
animals in preclinical studies, typically operate at much higher frequencies. No 
commercially available test phantoms exist for use at frequencies above 20 MHz. The 
aim of this work was to develop a tissue-mimicking-material (TMM) that closely 
matches the acoustic properties of small animal tissues at high frequencies (HF). Such 
a material would, therefore, be suitable for ultrasound test phantoms for application 
with HF ultrasound scanners (20 MHz to 50 MHz).  
A three-step approach was adopted to address this lack of a suitable HF-TMM. 
Firstly, verify the acoustic characteristics of the existing IEC agar-based TMM. 
Secondly, establish the acoustic properties (speed of sound and attenuation 
coefficient) of small animal tissue at high frequencies. Thirdly, develop a TMM which 
exhibits, as closely as possible, these small animal tissue acoustic characteristics.  
A pulse-echo substitution method was used throughout to characterise the materials 
and the tissue samples. 
The speed of sound and attenuation coefficient of an IEC agar-based TMM were 
measured using two different techniques. Initially, a widely used method was tried, 
where samples are wrapped in film and placed in degassed, deionised water for 
assessment. The second technique was developed and validated for use in this work. 
In this method, TMM samples were uncovered (without film) and were both stored 
and assessed in a TMM preserving fluid. The second method provided up to four 
times more consistent results.  
The acoustical properties of the individual components of the IEC agar-based TMM 
were then measured in order to determine whether the overall attenuation coefficient 
of the agar TMM was a linear sum of the attenuation coefficients of its component 




observation from which the formulation of an agar TMM, matching the acoustic 
properties of small animal tissue, can be facilitated. 
The acoustical properties (speed of sound and attenuation coefficient) of mouse brain, 
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INTRODUCTION AND BACKGROUND 
1.1 INTRODUCTION 
The number of medical and preclinical ultrasound imaging applications using high 
frequency ultrasound (above 20 MHz) has increased in recent years (Schmitt et al., 
2010; Xu et al., 2012) due to technological advances, cost-effective, non-invasive and 
non-ionising properties of ultrasound imaging.   
Ultrasound phantoms developed to date, attempt to replicate the acoustic properties 
of human body tissues at clinical frequencies (below 20 MHz). Commercially 
available quality assurance (QA) test objects are widely used to test the performance 
of clinical ultrasound scanners and for training purposes (BBS Medical AB, Sverige, 
Sweden; CIRS Tissue Simulation & Phantom Technology, Norfolk, Virginia; Kyoto 
Kagaku Co., LTD Kyoto, Japan; ATS Laboratories Inc. Bridgeport, CT, USA; Gamex, 
Inc. Middleton, WI). These phantoms, are mostly manufactured from tissue-
mimicking-material (TMM) which is designed to closely match the acoustical 
properties of tissue; the properties being, the speed of sound (SoS), scattering and 
attenuation coefficient, and for some laboratory manufactured phantoms, the elastic 
and non-linear acoustic properties (Cabrelli et al., 2017; Pavan et al., 2013). The 
acoustic properties of soft tissue must be thoroughly investigated, e.g. variations of 
SoS, attenuation, and scattering of the ultrasound beam, in order to match the TMM 
acoustic properties with those of soft tissue (humans and mammals). At lower 
frequencies, soft tissue acoustical properties have been shown to vary with frequency 
and amplitude (Hill, 1986) but there have been limited studies of the properties of 
animal and human soft tissue at high frequencies. With increasing clinical and 
preclinical ultrasound imaging applications above 20 MHz, there is a need to develop 
and to acoustically characterise TMMs suitable for high-frequency ultrasound 
phantoms. To the best of my knowledge, there are no commercially available test 
phantoms for assessing the performance of high frequency ultrasound scanners. 
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1.1.1 Aim of PhD project 
This PhD project assessed the suitability of an existing IEC agar-based TMM for the 
manufacture of QA phantoms for use at high frequencies. A three-step approach was 
adopted; firstly the acoustic characteristics of the existing and widely used IEC agar-
based TMM were verified over the frequency range 4.5 – 50 MHz. Secondly, the 
acoustic properties (SoS and attenuation coefficient) of small animal soft tissue was 
measured at high frequencies. Thirdly, the effect of altering the constituent 
ingredients of the TMM on its acoustic properties were investigated to explore 
whether it would be possible to alter the TMM properties in order to mimic the 
acoustic characteristics of small animal soft tissue. Throughout this study a preclinical 
ultrasound scanner (Vevo 770, Visualsonics, Inc., Canada) and a Scanning Acoustic 
Macroscope (SAM) system were used. In this chapter, details of medical ultrasound 
imaging technology are introduced. This is followed by a literature review on 
different types of TMM and soft tissue characterisation. 
1.1.2 Imaging modalities comparison 
The advantages of ultrasound in comparison to other diagnostic imaging techniques 
such as X-ray, magnetic resonance imaging (MRI), computed tomography (CT) and 
positron emission tomography (PET) are its portability, cost-effectiveness, non-
ionising nature (except MRI), non-invasiveness and real time imaging capability 















Other imaging techniques 
Non-ionising 
X-ray, CT, PET results in a radiation dose 
MRI, approx. 10% of patients cannot be scanned due to 
claustrophobia. MRI does not use ionising radiation. 
Inexpensive 
MRI, CT, PET equipment costs approx. £1– £2 million 
Ultrasound equipment costs approx. £5k – £150k 
Cost per scan 
PET £1000 
MRI £500 
Ultrasound £50 – £100 
Used for 
Longitudinal studies 
Tissues that are radiosensitive 
Initial image estimate for background/control data 
Real time 
Real time imaging of blood flow, needle aspiration, drug 
injections and tissue motion. 
Table 1-1. Summary of the ultrasound advantages when compared with other medical 
imaging techniques. (Sun, 2012). 
 
Ultrasound imaging is classified into clinical (below 20 MHz) and preclinical (above 
20 MHz).  
 
1.1.3 Medical applications of ultrasound 
Ultrasound imaging is widely used in cardiology, obstetrics, gynaecology, vascular 
applications, upper abdominal imaging, ophthalmology, dermatology, 
musculoskeletal and small parts imaging (Ali et al., 2008; Foster et al., 2000). 
Ultrasound is also used in a therapeutic mode using high-intensity focused 
ultrasound (HIFU) (Zderic et al., 2004). Furthermore, ultrasound is used to assist in 
interventional procedures such as in anaesthesiology, for needle guidance (Kuang et 
al., 2016; Menace et al., 2016; Raju & Grant, 2016), for implantation of catheters (Beigi 
et al., 2017; Fabiani et al., 2017; Menace et al., 2016) and needle biopsy (Giuliani et al., 
2017; Ishii et al., 2017; Ophuis et al., 2017). Ultrasound often provides the means to 
visualize the location of catheters and needles in tissue. Above 40 million ultrasound 
scans are performed by the NHS in the UK per year (Dixon, 2015).  
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 High frequency ultrasound applications  
High frequency ultrasound can also be used in the assessment of skin (Machet et al., 
2009), to measure vascular structures (Rhee, 2007) and retinal imaging (Rohrbach et 
al., 2016). In recent years, high (20 – 40 MHz) and very high ultrasound frequency 
(>40 MHz) have become the mainstream technology for the imaging of superficial 
structures mainly due to improvements in transducer design and software 
technology (Banchhor et al., 2016; Schmitt et al., 2010; Sundholm et al., 2015; Xu et al., 
2012). More recently, these improvements allow the inclusion of high frequency 
transducer arrays for a needle biopsy (Wodnicki et al., 2016), the  measurement in 3D 
of the intra-cardiac vector flow in vivo in humans (Wigen & Løvstakken, 2016), the 
measurement of erythrocyte aggregation in blood (Garcia-Duitama et al., 2016) and 
the measurement of the correlation between acoustic parameters and cell death index 
(Franceschini et al., 2016).  
Recently, some research groups have undertaken research in the miniaturisation of 
ultrasound transducers aiming to create an ultrasound-pill that can be swallowed as 
an alternative to endoscopy using frequencies up to 30 MHz (Al-Rawhani et al., 2013; 
Ferguson, 2012; Lay et al., 2016; Memon et al., 2015, 2016; Schiavone et al., 2015). 
Preclinical ultrasound is also used to size tumours, to diagnose glaucoma and to find 
cysts in small animals (Foster et al., 2011; Kagadis et al., 2010; Moran et al., 2011). The 
use of high frequency ultrasound is commonly use to scan small animals such as mice 
and zebrafish (Sun et al., 2008) (Figure 1-1). This project focusses on tissue 











Figure 1-1. B-scan front image of a mouse embryo. Images taken by Mr. Adrian 
Thomson at the Edinburgh Preclinical Imaging facilities, using a 55 MHz ultrasound 
probe. 
 
1.2 PRINCIPLES OF ULTRASOUND IMAGING 
An ultrasound wave is defined as a compressional sound wave with a frequency above 




















Figure 1-2. Schematic illustrating the principle of echolocation.  
 
In medical applications ultrasound is used to form images of internal organs (Hoskins 
et al., 2003). The simplest form of ultrasound imaging is based on the principle of 
echolocation. A piezoelectric transducer emits pulses of ultrasound, which travels 
through a medium, becoming reflected by boundaries between materials, and 
scattered by sub-resolution scatterers within the tissue (Figure 1-2). By assuming an 
average speed of sound for soft tissue of 1540 ms-1 it is possible to construct an image 
of internal organs by measuring the time delay of these echoes. Echoes that are not 
received by the transducer will not be used to form an image. Pulses repeat over a 
specified unit of time, termed the pulse repetition frequency (PRF). In general, the 
time between one transmission pulse and the next pulse should be sufficient to allow 
the first pulse to reach the object and to be scattered/reflected back as an echo before 
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Figure 1-3. Diagrammatic representation of ultrasound pulse generation.  
 
1.2.1 Definitions of ultrasound parameters in medical imaging 
The speed of sound (SoS) of a wave is defined as “the rate at which an acoustic wave 
propagates through a medium” (AIUM, 2014). The SoS is measured in ms-1 (meters per 
second). For the purpose of ultrasound imaging, it is fortunate that the SoS in soft 
tissue are relatively similar. This allows the scanner to assure an average SoS value of 
1540 ms-1 for the purpose of the image construction. In fact, SoS values will vary 
slightly between different tissues and organs.  
When ultrasound reaches a scattering object, part of it is reflected back to the 
transducer. The rest is either transmitted or reflected/scattered ‘out of the beam’. The 
magnitude and direction of the scattered ultrasound depends on the size of the scatter 
and acoustic impedance mismatch between the object and its surroundings.  
The ultrasonic speed vibrations when travel through a medium depends on the 
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 7 = 8%$ 
1-1 
The compressibility (%) is also known as the Young-modulus or stiffness parameter. 
It is a measure of resistance of the material when pressure is applied. Equation 1-1 
shows that the more rigid the tissue, the higher the SoS (Barrie Smith & Webb, 2011). 
The acoustic impedance (Z) can be expressed as the product of the density ($) and the 
SoS (V) of the tissue. Since 7 = "&, where f is the frequency and & is the wavelength, 
substituting Equation 1-3, then: 
 : = ;$% 1-2 
 : = $7 1-3 
When an ultrasound wave reaches a soft tissue junction that is much larger than the 
wavelength of the incident ultrasound (Figure 1-4), a fraction of the signal will be 
reflected, and a fraction will be absorbed by the soft tissue and refracted/transmitted. 
If the junction is formed by mediums with different values of  impedance, a fraction 
of the wave is reflected back to the transducer (backscattered) and the other part of 
the wave will be transmitted deeper into the material. If the incident wave strikes the 
boundary between two media of different acoustic impedance at an angle of '(, '*.   
 
 
Figure 1-4. Diagram showing the effects of an ultrasound wave incident on the 
junction of two different tissues types or mediums. 
 
Soft tissue (:?) 
Medium (:A) 
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The following equations relate the angles of incidence ('() and reflection (')), and 
transmission ('* ), and the reflected (,) ) and transmitted (,* ) pressures, and the 
reflected (-)) and transmitted (-*) intensities: 
 '( = ') 1-4 
 0/ = B)B( = :? cos '( − :A cos '*:? cos '( + :A cos '* 1-5 
 ./ = B*B( = 2:? cos '(:? cos '( + :A cos '* 1-6 
 01 = -*-( =
(:? cos '( − :A cos '*)?(:? cos '( + :A cos '*)? 1-7 
 .1 = -*-( = 4:?:A cos
? '((:? cos '( + :A cos '*)? 1-8 
The relationship between the coefficients for the values of reflection and transmission 
pressures are: 
 ./ = 0/ + 1 1-9 
The coefficients for the values of intensity reflections are: 
 .1 = 1 − |01|? 1-10 
If the reflected signal is received at an angle of 90° at the boundary, then Equations 
1-5 to 1-8 reduce to: 
0/ = B)B( = :? − :A:? + :A 1-11 
./ = B*B( = 2:?:? + :A 1-12 
01 = -*-( =
(:? − :A)?(:? + :A)? 1-13 
.1 = -*-( = 4:?:A(:? + :A)? 1-14 
 
When a sound wave reaches small interfaces (i.e. small reflectors with larger 
interfaces), the reflected wave will be scattered isotropically (over a large range of 
angles) (Hoskins et al., 2003) as shown in Figure 1-5 E. There are different types of 
scattering depending on the relative scatterer size within the tissue and the 
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wavelength of the ultrasound beam (Stirman, 2013). Rayleigh scattering occurs when 
the wavelength of the ultrasound beam is very much larger than the particle size, 
such scattering  occurs from tissue substructure or red blood cells (Wells, 1993). In 
this type of scattering, the resulting pattern is a combination of constructive and 
destructive interference, which is commonly referred to speckle (Barrie Smith & 
Webb, 2011). The speckle effect is the result of the interference of waves (different 
phases and amplitudes) but at the same frequency. The scattering by sub-resolution 
scatterers is one source of attenuation. In general, more echogenic tissue will 
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Figure 1-5. A) Diffuse scattering B) Diffraction through an aperture leading to point 
scattering leading to (C) speckle. Reflection from D) diffuse and E) specular 
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The attenuation caused by tissue is defined in terms of the reduction in amplitude and 
intensity of the sound wave. When the beam travels through soft tissue, the particles 
vibrate producing elastic kinetic energy and heat (absorption). The beam is also 
attenuated by reflection and scattering from tissue structures.  
 Calculation of ultrasound parameters 
In this PhD, the SoS and the attenuation coefficient were quantified for TMM and 
small animal soft tissue. 
 Measurement of the speed of sound 
To measure the SoS in tissue, there are different methods. One is the transmission 
method using an emitter transducer and a detector placed on each side of the sample. 
This method is widely used by the National Physical Laboratory (NPL). The other 
method is called the reflection method. This method compares the time between the 
transmitted signal and the received pulse-echo, over a known separation using a 
emitter and a detector in the same transducer (Duck, 2012). The method used in this 
thesis was the reflection method.  
 Measurement of attenuation 
To calculate the attenuation ( ) of a plane wave at a given frequency: The intensity of 
ultrasound is measured in the presence and absence of a sample with thickness d. 
   (FG) = 12F logA3 -3-H 1-15 
where -3 is the original intensity and -H is the decreased intensity as the wave passes 
through and back from a sample. The attenuation coefficient can be expressed dB per 
unit length. The decibel (dB) is the ratio of a value to a physical property (reference 
value), in acoustics is the unit of sound pressure level. It is calculated using the 
logarithm of the power of the signal divided by the reference power of the signal. The 
intensity reduction is due to a combination of the absorption, diffraction, scattering, 
and reflection, all of which change with ultrasound frequency.  
The attenuation coefficient of tissue results from the combined losses due to 
absorption and scattering. Thus 
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  3 =  5 +  6 1-16 
where  5 is the amplitude absorption coefficient and  6 is the amplitude scattering 
coefficient.  
Attenuation variations with frequency can also be expressed as a power law: 
  (") =  3"I 1-17 
where !3 and J are the parameters of the material being scanned, based on acoustic 
data. In the case of the human brain, it was observed that these parameters were 1.08 
≤ J ≥ 1.2 (Bamber, 1981; Kremkau et al., 1981), for human liver J≈ 1 (Tervola et al., 
1985), whereas for human fat, for example, 0.4≤ J ≥1.4 (Bamber, 1981). However, there 
is some evidence that this equation may not be appropriate over a wider frequency 
range (Duck, 2012). 
1.2.2 Ultrasound transducers  
An ultrasound transducer is a device that converts electrical pulses into an ultrasound 
pulse and vice-versa using a piezoelectric material (Welkowitz et al., 1992). These 
piezoelectric materials emit sound waves and can be organised as ‘arrays’ for various 
medical purposes as shown in Figure 1-6. These arrays enable the adjustment of focal 
length and temporal resolution (Hoskins et al., 2003).  
 
 
Figure 1-6. Diagram of the internal construction of an ultrasound transducer array. 
Image taken from imgarchade.com (free copyright). 
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Figure 1-7 shows the differences of the field of view formed from different 
piezoelectric arrays. These arrays are linear (Figure 1-7 A), curvilinear (Figure 1-7 B) 
and phased array transducers (Figure 1-7 C) and are used to scan different parts of 
the human body. Linear array transducers are suitable for necks and limbs. 
Curvilinear array transducers are suitable for abdominal and obstetrics where a wide 
field of view is required. Phased array transducers are predominantly used for in-
body cavities, widely and almost exclusively used in cardiology (Hoskins et al., 2003).  
 
 
Figure 1-7. Beam forming from A) linear transducer, B) curvilinear transducer and C) 
phased array transducer. Image taken from Karmakar & Kwok, (2015). 
 
In ultrasound imaging, a narrow ultrasound beam is preferred as this increases the 
lateral resolution of the image. The axial resolution depends on pulse lenghts (Figure 
1-3). To produce a narrow ultrasound beam a large aperture disc is needed (Hoskins 
et al., 2003). A wide disc (a >> λ) will provide a well-collimated beam (Figure 1-8 A) 
with good lateral resolution.  
Single-element transducers improve the lateral resolution (Brien, 1992; Wells, 1993; 
Zhou et al., 2014) by creating a focused beam using a single crystal with aperture 
larger than the ultrasound wavelength (a >> λ) disc (Figure 1-8 B).  
 
           A        B       C 




Figure 1-8. Comparison between A) an unfocused and B) focused ultrasound beam. 
Image based in Otto, 2013. 
 
 Building an ultrasound image 
The ultrasound image in linear array transducers is generated line by line by each 
pulse-echo transmitted and received by the transducer (Figure 1-9). To generate a well 
collimated beam several piezoelectric elements are fixed in groups so that the 
aperture is always bigger than the wavelength.  As shown in Figure 1-10 the image is 
generated progressively - the first line is generated, then the second and subsequently 
until the full image is created.  
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Figure 1-10. Forming a 2D image. The image is being built line by line as the beam 
is stepped along the transducer array (Hoskins et al., 2003).  
 
 Basic principles of imaging modes and imaging techniques 
The amplitude of the reflected echo determines the brightness of the tissue as seen on 
the scanner. The scanner calculates the distance to the tissue by measuring the time 
of the arrival of the echoes. The ultrasound scanner makes different technical 
assumptions (Gibbs et al., 2011) such as: that the SoS is the same in all tissues (1540 
ms-1), the ultrasound beam travels in straight lines, and that the echoes reflected back 
come from the central axis of the ultrasound beam. Any deviations from these 
approximations may cause distortion or artefacts in the ultrasound image.  
The pulse-echo technique is used to generate an ultrasound image of tissue structure 
and motion: B-mode and M-mode. There are also other imaging techniques such as 
Spectral Doppler, Colour Doppler and Elastography. This PhD utilised a particular 
type of ultrasound image format known as ‘B-mode’.  
B-mode (Brightness mode) transmits pulse-echoes line by line to form a 2D greyscale 
image (Abu-Zidan et al., 2011). Each line is produced by a single transmit-receive 
pulse (Figure 1-10). The brightness of each spot depends on the intensity of the echoes 
after a time-gain correction has been applied to compensate for greater attenuation at 
depth. A complete B-mode image is typically made of 100 B-mode lines (Hoskins et 
al., 2003). 
1.2.3 Image quality criteria 
In ultrasound, the quality of the image depends on the temporal and the spatial 
resolution achievable by the scanner (Figure 1-11). 
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A scanner’s spatial resolution is assessed in terms of its ability to differentiate between 
two closely spaced objects. In other words, spatial resolution describes how close two 
objects can be placed before they appear as a single echo.  
The spatial resolution is expressed as the axial resolution (longitudinal resolution) 
and the lateral resolution. The slice thickness plane is achieved by a lens and generally 
cannot be modified by the operator. Figure 1-11 shows the differences of spatial, 
lateral and elevational resolution.  
 
 
Figure 1-11. Description of the terms, axial and lateral resolution image when using 
an ultrasound probe. Image taken from Otto, 2013. 
 
 Generating a high resolution image  
The resolution of the ultrasound images is ultimately limited by the wavelength of 
the ultrasound pulse. The spatial resolution of an image increases as the wavelength, 
&, of the ultrasound beam gets smaller. Low-resolution imaging uses long wavelength 
transmitted pulses whereas a high-resolution imaging uses short wavelengths. The 
use of short wavelength pulses provides the ability to generate an image with higher 
axial resolution, thus improving the quality of the image in the axial direction.   
For medical imaging, if the frequency of the ultrasound increases, the spatial intrinsic 
resolution of the image will increase but the penetration depth of the ultrasound 
within the tissue will be reduce. 
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1.3 TISSUE MIMICKING MATERIAL (TMM) 
1.3.1 Background 
US phantom development was first reported in 1978. In this first publication, the 
development of a material that would mimic the acoustic properties of soft tissue was 
described. The first tissue-mimicking-material (TMM) was made of water-based gel 
that contained graphite powder and alcohol (Madsen et al., 1978). Since then, different 
research studies have developed and tested a variety of ingredients for use as TMM 
with the objective of creating a more, stable and cost-effective materials that closely 
mimic the acoustic properties of tissue.  
1.3.2 Different types of TMM  
Currently, a variety of TMMs are used both commercially and within laboratories 
(Table 1-2).  







 1540 ± 15 0.5 ± 0.05 IEC, (2001) 
Agar-based 
1498 - 600 0.04-1.40 
Brewin et al., (2008); Browne 
et al., (2003); Cannon et al., 
(2011); Culjat et al., (2010); 
Inglis et al., (2006); Rajagopal 
et al., (2014); Sun et al., 
(2012); Teirlinck et al., (1998); 
Yang et al., (2013) 




Madsen et al., (1998) 





Kenwright et al., (2014; 




1520 -1610 0.07-0.35 
Cournane et al., (2010); Culjat 





Browne et al., (2003); Cannon 
et al., (2011); Culjat et al., 
(2010) 
Zerdine™ 1540 0.5-0.7 Browne et al., (2003) 
Table 1-2. SoS and attenuation of different tissue-mimicking-materials (TMM). 
*assuming a linear relationship between attenuation and frequency (<10 MHz). 
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The IEC 2001 document “Ultrasonics –flow measurement systems –flow test objects” 
recommends that for frequencies between 2 – 10 MHz, a TMM should have a speed 
of sound of 1540 ± 15 ms-1 and attenuation of 0.5 ± 0.05 dB cm-1. The IEC agar-based 
TMM has become widely used for both clinical and preclinical test objects (Brewin et 
al., 2008; Browne et al., 2003; Cannon et al., 2011; Culjat et al., 2010; Inglis et al., 2006; 
Moran et al., 2011; Rajagopal et al., 2014; Sun et al., 2012; Yang et al., 2013). The 
acoustical properties of this agar-based TMM are designed to comply with the 
ultrasound parameters provided by the IEC, hence this is often referred to as ‘IEC 
agar-TMM’. Recently, the IEC agar-based TMM has been studied extensively at high 
frequencies (up to 47 MHz and 60 MHz) by Sun et al., (2011, 2012) and Rajagopal et 
al., (2014). No other TMM has been studied at these high frequencies.   
1.3.3 TMM phantoms 
There is currently a wide range of TMM phantoms in the medical industry. These can 
be roughly divided into two groups: clinical training phantoms, and quality 
assurance (QA) test objects including flow phantoms for Doppler assessment. Clinical 
and QA phantoms are made both commercially and within US laboratories. Some 
examples are outlined in this section.  
 Clinical and training TMM phantoms  
Commercially available clinical training phantoms simulate the structure of human 
body, such as female and male pelvis, scrotal, prostate, thyroid, breast, foetal, 
abdominal, lumbar and transverse sections of the human torso (CIRS Tissue 
Simulation & Phantom Technology, Norfolk, Virginia; Kyoto Kagaku Co., Ltd Kyoto, 
Japan). These phantoms have been tested up to 15 MHz and are usually made of 
ZerdineTM (an ultrasound tissue equivalent epoxy resin), PVC-TMM, and Urethane 
TMM. 
A range of different anatomical phantoms have been developed in-house for clinical 
purposes such as breast phantoms to facilitate the training of detection of lesions and 
for needle biopsy (Cannon et al., 2011; Vieira et al., 2013), oesophagus phantoms for 
endoscopy (Inglis et al., 2006), polyacrylamide hydrogel phantoms for assessing 
thermal lesions in response to high intensity ultrasound (Min Joo et al., 2013) and a 
gel phantom (agarose with canine RBCs in 0.9% isotonic saline) for assessing 
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ultrasound-induced cavitation damage (Maxwell et al., 2010). These phantoms were 
developed to target specific clinical applications at lower frequencies and have not 
been tested at frequencies above 12 MHz. 
 Quality Assurance TMM phantoms 
The quality of an ultrasound image can be assessed by the measurement of a number 
of factors. These include the spatial resolution (axial, lateral and slice thickness), 
maximum penetration (low and high contrast, echo and noise), echo amplitude and 
accuracy (contrast resolution, greyscale, and sensitivity) of an ultrasound scanner. 
The purpose of QA testing is to characterise different performance parameters in an 
controlled way (Kofler, 2001).  
Any test object designed to evaluate the performance of an ultrasound system, must 
have well-defined parameters to be of any real value. Test objects can be 
manufactured from a variety of TMMs and objects. Geometric objects intended for 
size and volume standards are often made of acrylic materials (Tofts, 2003). 
Commercially available QA test phantoms are manufactured by a number of different 
companies and are designed for frequencies up to 20 MHz (CIRS Tissue Simulation 
& Phantom Technology, Norfolk, Virginia; Kyoto Kagaku Co., LTD Kyoto, Japan; 
ATS Laboratories Inc. Bridgeport, CT, USA; Gammex, Inc Middleton, WI; BBS 
Medical AB, Sverige, Sweden). Table 1-3 shows some of the commercially available 
















Company Picture of the phantom Details of the phantom  
ATS 
 
· Model 539 Multipurpose phantom. 
· Grey scale, vertical and horizontal 
calibration measurements, axial-
lateral resolution and dead zone. 
· Urethane rubber-based TMM (SoS  
of 1450 ms-1  ± 1% and an attenuation 




· Model N-365 Multipurpose phantom. 
· Measurements of grey scale, close 
range resolution, axial and lateral 
resolution. 
· Urethane elastomer, acryl nylon 
TMM (SoS of 1440 ms-1 and an 
attenuation of 0.57 dB cm-1 at 25°C). 
· The phantom consist of nylon strings 
and cyst targets. 
CIRS 
 
· Model 040GSE Multipurpose 
phantom. 
· Nine performance measurements 
including grey scale, axial and lateral 
resolution, anechoic speed masses 
and elasticity targets 
· Zerdine-based TMM (SoS of 1540 ± 
10 ms-1 and 0.5 ± 0.05 dB cm-1 MHz-
1 and 0.75 ± 0.05 dB cm-1 MHz-1). 
· The phantom consist of different 
Nylon monofilament targets located 
at specific distance and sizes. 
Gammex 
 
· Model SONO408TM Phantom. 
· Axial, lateral and elevational 
resolution can be measured.  
· Gel-based TMM (SoS of 1540 ms-1 
and an attenuation of 0.5 dB cm-1 
MHz-1). 
· The phantom consist of different 
anechoic spherical lesions of 2 mm 
and 4 mm diameter. 
Table 1-3. Shows some of the QA commercially available ultrasound phantoms. 
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Additionally, ultrasound phantoms have been developed to test the performance of 
high frequency scanners. One such phantom is based on the design of the Edinburgh 
Pipe Phantom, which was developed to test the performance of clinical ultrasound 
scanners and has been adapted to characterise high frequency scanners (Moran et al., 
2011). 
 The Edinburgh Pipe Phantom 
During the course of my PhD, I have had the opportunity to use the Edinburgh Pipe 
Phantom to measure the performance of a high frequency ultrasound scanner. To 
measure the performance of clinical ultrasound scanner, Pye et al., (2004) developed 
the Edinburgh Pipe Phantom (Moran et al., 2011a, 2011b, 2009; Pye et al., 2004). This 
phantom consists of a Perspex box filled with agar-based TMM that includes anechoic 
pipes of different diameters, which allows the grey scale imaging performance of 
ultrasound scanners to be measured, using the concept of the resolution integral 
(MacGillivray et al., 2010; Pye et al., 2011).  This resolution integral characterises the 
ultrasound image in terms of the ratio of penetration to the width of the ultrasound 
beam. The resolution integral has been shown to provide measurements that allows 
comparison between the performance of different systems when using different types 
of transducers (Filoux et al., 2012). Recently, Inglis et al., (2014) showed that the 
resolution integral can assess the imaging capabilities of radial mechanical and 
electronic echo-endoscopes using the Edinburgh Pipe Phantom.  
The advantage of the Edinburgh Pipe Phantom is that it can provide an overall 
performance measurement (the resolution integral R). R is defined as the ratio 
between the depth of field (LR) and the characteristic resolution (DR (x-axis) (Figure 
1-12). Measurements can be carried out in all transducers, allowing their 
characteristics and performance to be compared.   
 




Figure 1-12. A) A plot of L against α for a collimated beam (B) with low contrast 
penetration of L0 and beam width D0. α is the reciprocal of the effective beam width 
and R is the area under the curve. B) also shows the depth of field (LR) and the 
characteristic resolution DR. In A) the resolution integral is the area under the curve 
(Moran et al., 2014)(MacGillivray et al., 2010). Image taken from Moran et al., 
(2014)(MacGillivray et al., 2010). 
 
1.4 SOFT TISSUE 
1.4.1 Background 
One of the main constituents of body tissue is water, comprising approximately three-
quarters of the body’s total mass (Duck, 2012). Unlike water, the human body consists 
of a variety of tissue types and anatomical structures. Consequently, the ultrasound 
beam is absorbed and scattered by tissue and consequently, the acoustic properties 
differ from those of water. 
Existing TMMs are designed to match the acoustical properties of soft tissue below 
20 MHz, hence they may not accurately mimic the acoustic properties of tissue above 
20 MHz. With an increasing number of high frequency ultrasound applications above 
20 MHz being developed in recent years (Banchhor et al., 2016; Machet et al., 2009; 
Rhee, 2007; Schmitt et al., 2010; Sundholm et al., 2015; Xu et al., 2012) there is a need 
to develop new TMMs suitable for use above 20 MHz. Therefore, there is a 
requirement to measure the acoustic properties of soft tissue at higher ultrasound 
frequencies in order to develop a more relevant TMMs. Moreover, the measurement 
of the acoustic properties of different organs at these higher frequencies provides 
valuable knowledge that may be useful for diagnosis (Kumagai et al., 2014).  
A B 
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The development of phantoms that incorporate TMM to realistically mimic the 
properties of small animal soft tissue at high frequencies will enable a reduction in 
the use of small animals to optimise ultrasound imaging techniques. The reduction in 
the use of small animals is in line with the principles embodied in the 2012 
amendment to the UK Animals (Scientific Procedures) Act 1986. 
1.4.2 Acoustic properties of soft tissue 
The first reported acoustic characterisation of soft tissue was obtained from animal 
and human soft tissue at frequencies of 1 – 2.5 MHz (Goldman & Richards, 1954; 
Ludwig, 1950). Duck (1990) published a literature survey where he described the 
physical properties of animal and human soft tissues available at that time.  
This PhD work focuses on the measurement of the SoS and attenuation coefficient of 
small animal soft tissue above 20 MHz. The organs of interest were brain, liver, heart 
and kidney. Based on personal experience in the preclinical laboratory research 
facility of the University of Edinburgh, these were the organs scanned most often 
during preclinical studies. In addition, these organs also the ones for which 
information was available in the literature though predominantly at frequencies 
below 9 MHz. Measurement of the acoustic properties of these organs will be 
presented in this thesis.  
The acoustic properties of brain, liver, and kidney, among other organs, have 
previously been measured from small animals at low frequencies (Frizzel et al., 1981; 
Goss et al., 1979; Tervola et al., 1985; Foster et al., 2000; Gray et al., 2013; Szabo, 2014), 
humans (Bamber et al., 1979, 1980; Kremkau et al., 1981; Ludwig, 1950; Parker, 1983; 
Rajagopalan et al., 1979; Sehgal et al., 1986), chickens (Martínez-Valdez et al., 2015) 
and mammals (Bamber et al., 1977; Ghoshal et al., 2011; Goss et al., 1979; López-Haro 
et al., 2009; Martial et al., 2007). These studies measured the acoustic properties up to 
9 MHz at either room temperature (22 – 26°C) or at a normal human temperature 
(37°C). Recently, Wirtzfeld et al., (2015) measured the attenuation of murine liver and 
kidney across the frequency range 15 – 35 MHz, where a decellularized method was 
utilised and the acoustic properties measured from the extra-cellular matrix (ECM) 
left from the organs was analysed. This study found that the ECM of the organ 
contributes to the ultrasonic properties. Additionally, Frizzel & Gindorf, (1981), 
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O’Brien, (1988) and Tervola et al., (1985) have performed acoustical measurements up 
to 100 MHz using a Scanning Laser Acoustic Microscope (SLAM). Measurements 
performed at 100 MHz were undertaken at room temperature.  
It has been shown that the SoS and attenuation of soft tissues increases with 
temperature (Bamber et al., 1979; Ghoshal et al., 2011; López-Haro et al., 2009; 
Rajagopalan et al., 1979; Suomi et al., 2016). However, there is no further increase in 
the SoS in soft tissue above 50°C (Duck, 1990). The attenuation of all tissues is 
dependent upon temperature and insonation frequency. At 7 MHz it has been shown 
that the minimum attenuation value, from a variety of soft tissue, was between 20°C 
and 40°C (Bamber & Hill, 1979; Kremkau et al., 1981). Furthermore, an increase in 
either water or fat content results in a decrease in the velocity of ultrasound in soft 
tissue (Bamber, 1981; Duck, 2012; O’Brien, 1988). 
Moreover, ex vivo soft tissue samples decay with time after excision due to gas bubbles 
forming within the tissue, thus affecting the acoustic properties (Bamber, 1981; Duck, 
2012). To delay this decay process, the soft tissue samples must be contained in a 
physiological solution such as saline, PBS, Krebs solution or should be embedded in 
an ultrasound compatible acoustic material such as TMM (Fraser et al., 2006). The 
preserving nature of saline on tissue is due to the fact of similar osmolarity and 
isotonic properties of blood (Barbosa et al., 2014; Wiegman, 2010).  
The main cause of alteration in post-mortem acoustic characteristic changes in tissues 
is the result of the formation of ‘gas bubbles’ within the tissue. This reduces the 
accuracy of attenuation measurements. Bamber had reported a significant reduction 
in attenuation during a 120 hour period following death in bovine tissues (Bamber, 
1981; Bamber & Hill, 1979). These changes were larger at frequencies above 1 MHz.   
The acoustic properties of soft tissue have been acoustically measured in vitro with 
samples embedded in TMM (Bamber et al., 1977; Bamber & Hill, 1979; Gross et al., 
1980; Martínez-Valdez et al., 2015; Muleki-Seya et al., 2016; Sundholm et al., 2015; 
Suomi et al., 2016), but only rarely ex vivo (Kumagai et al., 2014) or as in vivo tissue 
(Kagadis et al., 2010; Maklad et al., 1984; Parker et al., 1988; Zderic et al., 2004).  
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Table 1-4 shows a summary of the acoustic information found in the literature from 
brain, liver, and kidney at normal human body temperature and at room 
temperature. Recent studies compare their results with papers from 1980’s at 
frequencies up to 9 MHz. Therefore, there is a necessity to update the acoustical 










(dB/cm) K = LMN Reference 
Brain, 
human 
 2.5 – 6  0.94 ± 0.13 MHz-1 
Strowitzki et al., 
2007 
   
White 1.2 MHz-1 
Grey 0.5-1 MHz-1 
Cook et al., 2011 
37 1 1510 0.11 
Welkowitz et al., 
1992 
37 1 – 5 
1562 ± 
1.2 
0.87 at 1MHz 
Kremkau et al., 
1981 
 1 – 6  1.1  




37 0.5 – 7   0.27 - 5.55    
Goss et al.,1979 
Brain, 
bovine 
 1 – 5   0.1 – 9  
Bamber & Hill 
1979 
room 4 – 6   3.8 - 5.9 ± 0.05 




room 15 – 35   0.35 ± 0.34   













1.3 ± 0.09 
O’Brien et al., 1988 
room 100 1550  Tervola et al 1985 
Liver, 
human 
37 3  1.66 ± 0.21 Lu et al., 1999 
 2 
1510 0.19 Welkowitz et al., 
1992 
37 2.5  0.47 ± 0.07 MHz-1 Parker et al., 1988 




 Chen et al., 1987 




 Sehgal et al., 1986 
37 3.2  0.62 ± 0.12 MHz-1 Garra et al., 1984 
37 2 – 8   0.52 ± 0.03 MHz-1 Ophir et al., 1984 
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37 3  0.52 ± 0.03 MHz-1 Maklad et al., 1984 
20 1 – 6  
1577 ± 
11 
 Bamber et al., 
1980 
Baber et al., 1981 
37 1 – 7  
1607  Bamber et al., 
1979 
37 0.5 – 6   0.7 ± 0.2 Foster et al., 1979 
37 1.5 – 9  




37 1.5 – 9  




37 0.5 – 7   0.33 – 6.51   Goss et al.,1979 
37 3.75  0.59 ± 0.10 MHz-1 Fujii et al., 2002 
37 3  0.52 ± 0.10 MHz-1 Taylor et al., 1986 
20 1 – 6   0.4 ± 0.09 Parker et al., 1983 
37 1 – 7  
1597-
1639 
 Bamber & Hill 
1979 
room 4 – 6 




room 1 – 5   0.04f^0.84 (Np) Zderic et al., 2004 
room 4 – 6 

















21.8 5 1588.2  Martínez-Valdez et 
al., 2011 46 5 1609.8  
Kidney 
mouse 
room 15 – 35  





















37 0.5 – 7  
 0.42 – 7.55 Goss et al., 1979 
Kidney 
porcine 
37 3.5 – 7  




37 1.5 – 9  
 2 – 9  Gammell et al., 
1979 
Table 1-4. Compendium of the acoustical properties of soft tissue, focused on those 
studies involving brain, liver and kidney at mostly 37°C. The blank spaces represent 
the absence of information. 
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 Additional ultrasound parameters needed from soft tissue 
Few studies have measured the nonlinear acoustic parameters of soft tissue. Table 1-5 
shows a summary of additional ultrasound parameters measured from brain, liver, 
and kidney available in the literature. In this table, no distinction was made regarding 
source of the tissue (i.e. animal or human), or the frequency or temperature used in 
the study. The purpose of Table 1-5 is to show those published values for B/A 
parameter, backscatter, shear modulus (a measure of elasticity) and acoustic 
impedance from soft tissue. These studies measured the acoustic properties from 
either humans, chickens or ruminants at room or body temperature, up to 28 MHz. 
To the best of my knowledge no other ultrasound parameters have been published 












[(kg m-1s-2)] x 
106 
Brain 5 – 7.6  1.44 – 1.78 ± 
0.20 
1.38 – 1.95 
Liver 1.5 – 7.2  1.7 x 10-4 –  
3.03 x 10-3   
1.5 – 2.5 ± 0.46 1.65 – 1.78 
Kidney 7.4 9 x10-4   15.4 – 10.8  
6.6 – 8.7 ± 2.5 
medulla 
1.62 – 1.65 
Table 1-5. Summary of the B/A parameter, backscatter, elasticity and acoustic 
impedance. The blank spaces represent a lack of information. References for brain 
(Gunawan et al., 2015; Kaster et al., 2011; Law et al., 1985; Liu et al., 2017; Ludwig, 
1950; Morin et al., 2017; Pinton et al., 2011) for liver (Bamber et al., 1977; Civale et 
al., 2013; Degos et al., 2010; Freese & Lyons, 1977; Ghoshal et al, 2011; Ito et al., 
2017; Law et al., 1985; Liu et al., 2006; Lu et al., 1999; Ludwig, 1950; Palabiyik et al., 
2017; Sehgal et al., 1986; Suomi et al., 2016; Tzschatzsch et al., 2016; Wear et al., 
1995) and for kidney (Gennisson et al., 2012; Grenier, Gennisson et al., 2013; Insana 
et al., 1992; Ludwig, 1950; Palabiyik et al., 2017). 
 
 Brain 
Intraoperative ultrasonography is used to locate tumours and gliomas using neuro-
navigation (Dunne et al., 2017; Lee et al., 2016; Mahboob et al., 2016; Tirakotai et al., 
2006; Unsgaard et al., 2002). The differing acoustic properties of healthy and 
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pathological brain tissue can provide additional information about the brain. This 
organ is one of the most delicate organs due to its gel-like tissue composition, and its 
tendency to disintegrate when it is fresh and handled without sufficient care. 
From Table 1-4, the SoS of the brain varies between 1510 – 1562 ms-1 (Kremkau et al., 
1981; Welkowitz et al., 1992) and the attenuation (Figure 1-13) varies between 0.87 – 
1.1 dB cm-1 MHz-1 (Bamber, 1981; Bamber et al., 1977; Cook et al., 2011; Goss et al., 
1979; Kremkau et al., 1981; Strowitzki et al., 2007; Welkowitz et al., 1992). Those 
studies were performed at room temperature and at 37°C and up to 7 MHz. 
 
 
Figure 1-13. Attenuation versus frequency from those studies published involving 
brain tissue at 37°C. Bamber et al., (1977, 1979) used bovine brain samples were 
measured at room temperature. 
 
 Liver 
Liver disease mortality has increased in the UK population by 25% according to the 
NHS over the last decade (NHS Choices, 2012). Ultrasound is currently used as a non-
invasive technique for diagnosis (Bamber et al., 1980; Fujii et al., 2002; Itoh et al., 1988).  
The acoustical properties of the liver have been published extensively at low 
frequencies, yielding a wide range of SoS and attenuation coefficient values (Table 
1-4). Based on studies published for humans and mammalian livers, from 1 to 9 MHz 































Strowitzki et al., 2007 (human)
Welkowitz et al., 1992 (human)
Kremkau et al., 1981 (human)
Bamber et al., 1981 (human)
Bamber et al., 1977 (bovine)
Bamber et al., 1979 (bovine)
Goss et al., 1979 (cat)
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ultrasound frequency at different temperatures (22°C and 37°C), the SoS varied 
between 1545 – 1639 ms-1 (Bamber & Hill, 1979, 1980; Chen et al., 1987; Frizzel & 
Gindorf, 1981; Kumagai et al., 2014; Martínez-Valdez et al., 2015; Welkowitz et al., 
1992). The attenuation coefficient from those published studies (Figure 1-14) varied 
between 0.35 – 1.3 dB cm-1 MHz-1 (Bamber et al., 1977; Fujii et al., 2002; Garra et al., 
1984; Goss et al., 1979; Itoh et al., 1988; Lu et al., 1999; O’Brien, 1988; Ophir et al., 1984; 
Parker et al., 1988, 1983; Taylor et al., 1986; Welkowitz et al., 1992; Zderic et al., 2004).  
The SoS of sheep and cat liver have also been measured at 100 MHz, at room 
temperature by Frizzel & Gindorf, (1981), O’Brien, (1988) and Tervola et al., (1985) 
and have been found to be in good agreement with previous studies. Wirtzfeld et al., 
(2015) have measured the acoustic properties of the liver at high frequencies (15 – 35 
MHz) by removing the cells from the organ in an attempt to decrease the variability 
found in measured ultrasound parameters. 
It is known that gas is more likely to be introduced into the liver during excision than 
any other organ due to its highly vascular structure and its tendency to produce gas 
through autolytic (cells self-digestion) decay. The presence of gas in specimens is 
probably the greatest problem in the preparation of soft tissue samples for acoustical 
measurements (Bamber, 1981). A pressurization method has been advised since 1985 
to prevent the production of gas in the organ (Bamber et al., 1985) especially for those 
studies involving extended periods of time (over 1 hr). 





Figure 1-14. Attenuation versus frequency from published studies involving the liver at 37°C. Parker et al (1983), Bamber et al., (1977) and Zderic 
et al., (2004) measured the attenuation in mammalian liver tissue at room temperature. 































Lu et al., 1999 (human)
Welkowitz et al., 1992 (human)
Parker et al., 1988 (human)
Itoh et al., 1988 (human)
Lin et al., 1987 (human)
Maklad et al., 1984 (human)
Ophir et al., 1984 (human)
Garra et al., 1984 (human)
Foster et al., 1979 (human)
Bamber et al., 1981 (human)
Gammell et al., 1979 (human)
Fujii et al., 2002 (bovine)
Taylor et al.,  1986 (bovine)
Parker et al., 1983 (bovine)
Goss et al., 1979 (bovine)
Bamber et al., 1977 (bovine)
Bamber et al., 1977 (porcine)
Lopez-Haro et al., 2009 (porcine)
Zderic et al., 2004 (porcine)
Gammel et al., 1979 (hog)





According to the British Association of Urological Surgeons, kidney stones can be 
found in almost 3% of the population as it is one of the most prevalent diseases in the 
UK with 12,000 admissions in hospitals per year. Unfortunately, there is limited 
information in the literature about the acoustic properties of the kidney, regardless of 
temperature, or type of sample (humans or ruminants). The kidney is recognised to 
have 3 general segments, medulla, cortex and renal pelvis. The total thickness of the 
kidney cortex in mice is 1.3 mm (Zhai et al., 2003) and the thickness of the medulla is 
3 mm approximately. Previous work has shown a variation in the acoustic properties 
of the kidney to be associated with five longitudinal cross-sectional regions in dog’s 
kidney anatomy, from the cortex through the capillary veins (Sarvazyan & Klemin, 
1983). In that study, the SoS showed a difference of 5 ms-1 and a difference of 0.5 dB 
cm-1 at 8.8 MHz in a cross-sectional dog kidney.  
Based on the limited information found in the literature the mean SoS varies between 
1560 – 1586 ms-1 (Frizzel & Gindorf, 1981; Rajagopalan et al., 1979; Welkowitz et al., 
1992; Worthington et al., 2001). In these studies, kidney was measured from different 
animals at 37°C. Figure 1-15 shows the attenuation that has been reported in the 
frequency range from 0.5 to 9 MHz. The attenuation varied from 0.27 dB cm-1 to 9 dB 
cm-1 (Gammell et al., 1979; Goss et al., 1979; Welkowitz et al., 1992; Worthington et al., 
2001). Wirtzfeld et al., (2015) studied the kidney in the frequency range of 15 – 35 MHz 
with the acoustic properties in good agreement with previous results. Likewise, the 
SoS of the kidney from mouse and human has been studied at 100 MHz by Frizzel et 
al., (1981) and Rajagopalan et al., (1979).  
 




Figure 1-15. Attenuation versus frequency from studies published involving the 
kidney at 37°C. 
 
1.5 THESIS OUTLINE 
Below the structure of the rest of this thesis is explained.  
In Chapter 2 the equipment used in this thesis is described, including the preclinical 
ultrasound scanner Vevo 770®, and the SAM system. This chapter also describes the 
Matlab script used in this study and the modifications from those originally 
developed as part of Chao Sun PhD thesis (Sun, 2012). Modification of the script was 
necessary for data analysis as the script was originally developed for a different 
measurement technique than the one use in this thesis. Measurements of the 3 dB 
frequency bandwidth of the Vevo 770® preclinical scanner are presented in this 
chapter.  
In Chapter 3, the development of an additional and alternative method to characterise 
the acoustic properties of the IEC agar-TMM is described. This alternative method 
differs from the commonly used method used to characterise the acoustic properties 
of the IEC agar-TMM. The acoustic properties using these two techniques were 
assessed every 3 months for up to 1 year in the low and high frequency range (4.5 – 
50 MHz). The acoustic properties are compared with the IEC guideline for TMM in 































Worthington et al., 2001 (porcine)
Welkowitz et al., 1992 (human)
Goss et al., 1979 (bovine and cat)
Gammell et al., 1979 (hog)
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the frequency range of 2 – 10 MHz (IEC, 2001). This study has been published in 
Ultrasound in Medicine and Biology journal as Rabell-Montiel et al., (2017).  
In Chapter 4 the IEC agar-TMM individual ingredients affect on SoS and attenuation 
are systematically investigated, where each of the ingredients was acoustically 
characterised in the frequency range of 12 – 50 MHz. The percentage concentrations 
were not modified from the IEC agar-TMM recipe. These individual formulations of 
ingredients were studied by production and measurement of the acoustic properties 
of different batches of TMM.  
In Chapter 5 the acoustic properties of small animal brain, liver and kidney are 
assessed in the frequency range of 12 – 32 MHz. Furthermore, a comparison of the 
acoustic properties between perfused and non-perfused brain and liver is also 
included. The SoS and attenuation coefficient measured from mouse brain, liver and 
kidney were compared with the acoustic properties from the IEC agar-TMM and its 
individual component ingredients (Chapter 3 and 4). This comparison is a required 
first step in order to develop a TMM suitable for a high frequency QA phantom. This 
study has been published in Ultrasound in Medicine and Biology journal as Rabell-
Montiel et al., (2017). 
In Chapter 6 a summary of this thesis and the future work needed to develop a new 
TMM whose acoustical properties mimic those of soft tissue is described. 






 MATERIALS AND METHODS 
2.1  CHAPTER DESCRIPTION 
In this chapter the high frequency ultrasound scanner, Vevo 770®, and the Scanning 
Acoustic Macroscope (SAM) system are described. The Vevo 770® ultrasound 
scanner was located within the Biological Research Facility (BRF) on the Little France 
Campus of the University of Edinburgh, whereas the SAM system was located at the 
Facility for Optical Characterisation and Spectroscopy (FOCAS) of the Dublin 
Institute of Technology (Dublin, Ireland).  
Both systems are described in detail, including acquisition protocols, procedure for 
acquiring raw data and subsequent analysis. Similarly, the IEC agar-TMM sample 
manufacture process is described, alongside techniques developed for preparation of 
soft tissue samples. Acoustic characterisation of two reference fluids used in this PhD 
research, including the Matlab script used to analyse acoustic data, are also presented 
in this chapter.  
2.2 HIGH FREQUENCY ULTRASOUND SCANNER VEVO 770® 
The Vevo 770® (VisualSonics, Inc. Toronto, Canada) is a high- frequency ultrasound 
scanner (Figure 2-1) with transducers that operate between 25 and 55 MHz, actual 
centre frequency, depending on the transducer model used. The scanner can be 
operated in seven different imaging modes: B-mode, M-mode, 3D-Mode, Pulse Wave 
(PW) Doppler Mode, Tissue Doppler Mode, Power Doppler Mode and Digital Radio 
Frequency (RF) Mode (VisualSonics, 2006). The Vevo 770® software allows post 
imaging analysis, remote access to files and measurements, and allows the user to 
export data in a variety of different formats.  
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2.2.1 Vevo 770® Transducers  
Transducers available for use with the Vevo 770® scanner include the RMV 700-Series 
(Real-time Microvisualisation, VisualSonics, Inc. Toronto, Canada). These 
transducers were developed specifically for small animal ultrasound imaging 
research (preclinical). The system is able to provide frame rates of up to 200 frames 
per second, depending on the RMV probe used (Figure 2-2). The probes are designed 
as single-element transducers, working as both the transmitter and receiver of the 
ultrasound beam. This single-element transducer is contained in a ‘capsule’ 
comprising an acoustic window filled with deionised degassed water. This fluid 
facilitates acoustic coupling between the single-element and tissue being scanned. 
Once the probe is in operation, the single-element mechanically oscillates, sweeping 
the ultrasound beam back and forth across the surface of interest. 
 
 
Figure 2-1. Front view of the preclinical ultrasound Vevo 770® scanner. Image taken 
from the manufacturer brochure (VisualSonics, 2006). 
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Figure 2-2. RMV transducer diagram. Image taken from the manufacturer brochure 
(VisualSonics, 2006). 
 
The transducer models used in this work were the RMV704, RMV707B, RMV710B 
and RMV711, listed in Table 2-1. Table 2-1 lists the central frequency range from 25 
MHz to 55 MHz; information provided by the manufacturer (VisualSonics, 2006), and 























704 40 6 40 80 14.6 2.5 x 1 
707B 30 12.7 55 115 20 3 x 1.5 
710B 25 15 70 140 20 3 x 1.5  
711 55 6 30 90 8.5 2 x 1 
Table 2-1. Parameters of the four transducers used in this work obtained from 
manufacturers brochure (VisualSonics, 2006).The acoustic window shown (length x 
width) was measured using a ruler. 
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2.2.2 Radio Frequency (RF) mode 
The Vevo 770® software includes a Digital Radio-Frequency data (RF) mode. RF data 
has been used to measure the acoustical properties of biological tissue (Insana & Hall, 
1990; Lizzi et al., 1983) and is now a widely used method (Inglis et al., 2006; Martial 
& Cachard, 2007; Sun et al., 2011, 2012; Szabo, 2014). The RF signal refers to the pulse-
echo sent and received by the ultrasound probe. This mode is typically employed to 
acquire, digitalise, and to export RF data for spectral analysis from user defined 
regions of interest (ROI). RF data are signal comprises the raw data. Processing of this 
raw acoustic data allows study of the frequency content by Fourier decomposition of 
the returning ultrasound echo. Figure 2-3 provides an example of a typical screen 
capture of the RF mode using the Vevo 770® scanner.  
 
 
Figure 2-3. Example of the typical screen capture of the RF data from a sample of 
tissue-mimicking-material (TMM) using the RMV704. 
 
When scanning, the single-element transducer oscillates mechanically, sweeping 
back and forth to produce a B-mode image. This B-mode image is shown in the right 
Zoomed ROI window 
Graph window of the ROI, provide the 
echo in time and frequency domain 
ROI (red dot) viewed 
in B-mode image 




Gain settings at 
different sections 
of the B-mode 
image 
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upper corner of Figure 2-3. After the location of the ROI, the zoomed version of the 
image inside the ROI is shown in the bottom left corner of the screen. From the region 
where the zoomed ROI window is located, the raw RF data can be collected. The red 
lines inside the ROI window are individual lines of acquisition, in this example, 10 
lines have been equally distributed along the ROI. The marked line in the zoomed 
ROI window (yellow) is displayed in the bottom right corner in the time domain (red 
line) and in the frequency domain (blue line).  
Different parameters can be set when scanning with the Vevo770® Visualsonics 
software these are: the transmit power (%), the number of cycles in the transmitted 
signal, the dimensions of the ROI, the overall and individual gain values (TGC) and 
the format of the output saved data. When saving the data, the output content 
includes the number of lines inside the ROI (1 – 100), the frame number (1 – 1000) and 
the number of acquisitions per line (1 – 20). Only the RF data pre-selected by the ROI 
will be saved for later analysis. 
The RF data saving formats are: *.rdb, which contains the raw RF data and the 
processed B-mode data from the ROI and *.rdi, which contains a description of the 
study and the image with the values set at the time of acquisition (e.g. the number of 
lines, frames, etc). Screen captures were saved in *tif format for visual reference 
purposes. In this PhD, the RF data were saved and analysed offline using a Matlab 
script (Matlab 2013a, MathWorks, Inc).    
2.3 SCANNING ACOUSTIC MACROSCOPE (SAM) SYSTEM 
The Scanning Acoustic Macroscope (SAM) system operates by the same principles as 
a scanning acoustic microscope (Foster et al., 1984). It is called macroscope as it is 
capable of measuring the acoustic properties of tissue in vitro with a similar field size 
to that provided by a B-mode scanner (Foster et al., 1984). The SAM system used in 
this study was developed in-house at the FOCAS, Dublin Institute of Technology 
(Dublin, Ireland) (Cannon et al., 2011) and was employed to measure the acoustic 
properties of the IEC agar-TMM in Chapter 3. The SAM system includes a tank filled 
with a reference or coupling fluid (e.g. degassed deionised water), and immersion 
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broadband transducers with different frequencies (Figure 2-4), a pulse-receiver 
(Model 5052PR; Panametrics, Waltham, MA, USA) was used to transmit and receive 
the pulses. The received reflected pulses were digitised and captured using a data 
acquisition card (PCI-5144: National Instruments, Austin, TX, USA). This data 
acquisition card was controlled by a LabView program (National Instruments 
Corporation, TX, USA), which was configured to operate the SAM system in the 
pulse-echo configuration.  
 
 
Figure 2-4. Diagonal view of the SAM system, developed in-house at the Dublin 
Institute of Technology (Dublin, Ireland). 
 
2.3.1 SAM system transducers 
The SAM system employs a variety of broadband transducers functioning as both 
transmitter and receiver. The transducers used in this PhD were single-element 
significant low pressure immersion transducersError! Reference source not found.. 
Three broadband immersion transducers (Table 2-2) with central frequencies of 7.5 
MHz (V320-SU, Olympus NDT Inc., Waltham, MA, USA), 20 MHz (V317, Olympus 
NDT Inc., Waltham, MA, USA) and 50 MHz (V390-SU; Olympus NDT Inc., Waltham, 
MA, USA) were employed in the measurements performed in Chapter 3. Table 2-2 
shows the central frequency, the focal length and the depth of view for each 


















Depth of view 
(cm) 
V320 7.5 9.54 1.27 
V317 20 6.55 0.635 
V390 44.65 1.27 0.635 
Table 2-2. Parameters of the three transducers used in this work provided as provided 
by the manufacturer (Olympus NDT Inc.). 
 
2.4 SAMPLE MANUFACTURING PROCESS 
In Chapter 3 two different measurement methods are described to determine the 
acoustic properties of the IEC agar-TMM. The first method, which is commonly used, 
consisted of preserving thin IEC agar-TMM samples using thin plastic film (Saran 
Wrap®) (FTMM). The acoustic properties were then measured in degassed deionised 
water (as a reference fluid). The second simpler technique, developed in this thesis, 
used uncovered thin slices of IEC agar-TMM samples (UTMM) immersed in a TMM 
preserving fluid as the reference medium. The TMM preserving fluid was specifically 
designed to preserve the IEC agar-TMM characteristics without the requirement of 
wrapping in film. 
Chapter 4 presents the acoustic properties of the individual constituents of IEC agar-
TMM, measured with the Vevo 770® scanner (extension of Chapter 3). These samples 
will be referred to as ‘agar-TMM samples’ and the difference in their composition 
ingredients is tracked by the batch number. 
In Chapter 5, the acoustic properties of small animal soft tissues from brain, liver, and 
kidney were measured while the sample was immersed in PBS maintained at 37°C 
(reference fluid).  
The sample manufacturing process for the IEC agar-TMM, the agar-TMM, and the 
small animal soft tissue samples is explained in this section.  
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2.4.1 IEC agar-TMM samples  
A batch of the IEC agar-based TMM (Table 2-3) was manufactured following a 
standard method (Brewin et al., 2008; Browne et al., 2003; Cannon et al., 2001; 
Ramnarine et al., 2001; Teirlinck et al., 1998). Once prepared as a liquid at 90°C, the 
TMM mixture was cooled to 42°C and poured onto a pre-warmed metal plate. The 
plate was pre-warmed to ensure that the mixture spread evenly. In order to produce 
the samples, two methods of pouring the TMM mixture were employed. The first 
approach relied on the inherent viscosity of the TMM mixture to produce samples 
with the required sample thickness. For the second method, the TMM mixture was 
poured onto the pre-warmed metal plate on which were placed PVC rings. These 
PVC rings had the desired thickness. After the TMM mixture was poured, a ruler was 
employed to wipe excess TMM mixture away using the PVC rings for guidance. The 
TMM mixture was then left to gel and cool to room temperature. No difference was 
found between the two methods used to produce the TMM samples. From this batch 
of TMM, 22 discs of TMM with a diameter of 5.5 cm were cut using a thin-walled 
plastic tube. Due to the short focal lengths associated with high frequency transducers 
(Table 2-1 and Table 2-2), the thickness of the TMM slices was limited to less than 3.2 
mm and ranged in value from 1.8 – 3.2 mm. 
 
Ingredients % Weight  Manufacturer 
Water 78.83%  
Glycerol 99% (pure) 11.21% Sigma-Aldrich company Ltd 
Agar 
3% 
Merck Technical Ltd/ VWR 
International Ltd. 
3µm Al2O3 power 0.95% Logitech Ltd. 
0.3µm Al2O3 power 0.88% Logitech Ltd. 
400 grain SiC power 0.53% Logitech Ltd. 




(50% solution, diluted in-
house to 10%) Sigma-
Aldrich Company Ltd. 
Table 2-3. Ingredients of IEC agar-based tissue mimicking material (TMM). 
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 Details of the manufacture of UTMM and FTMM samples 
After being cut, eleven of the cylindrical TMM samples were placed in a sealed 
container filled with TMM preserving fluid. This TMM preserving fluid was 
manufactured in-house (Brewin et al., 2008; Cannon et al., 2011; Inglis et al., 2006). 
The manufacture, acoustic properties and the reason why a TMM preserving fluid 
was used will be explained later. These samples are referred to as uncovered-TMM 
(UTMM) samples (Figure 2-5 A).  
The remaining eleven TMM samples were covered with clear film in the following 
manner. Initially, a layer (0.015 mm thick) of Saran Wrap® film (SC Johnson Inc., 
Racine, USA) was stretched over an embroidery ring, of 10 cm diameter. A fast-
hardening epoxy resin (Araldite Rapid; Huntsman Advanced Materials, Basel, 
Switzerland) was then applied to one side of a PVC ring (2 mm thick, 5.8 mm outer 
diameter) and the stretched Saran Wrap® was lowered onto the PVC ring. This was 
left to set overnight. The eleven samples were placed into the PVC rings. Five drops 
of TMM preserving fluid were added to the surface of the TMM to ensure good 
acoustic coupling between the film and the TMM. A second layer of Saran Wrap® 
was glued to the other side of the PVC ring, as described above, such that the TMM 
slices were sandwiched between the two films. These film-wrapped TMM samples 
(FTMM) were left to set overnight. Finally, epoxy was used to seal the edges of the 
film–ring–film to ensure the FTMMs did not leak. This seal was re-enforced with 
insulating tape to ensure that the film would not peel off over the 1-year period of 
investigation (Figure 2-5 B). The FTMMs were preserved in a closed box containing 
tissue paper moistened with TMM preserving fluid to create a saturated environment. 
In a similar manner, a water test cell was manufactured whereby the TMM was 
replaced by degassed deionised water.  







Figure 2-5. a) Un-wrapped TMM slice (UTMM), arrow indicates the identification mark 
on the sample and b) film-wrapped TMM slice (FTMM). 
 
 Details of the manufacture process of the agar-based material 
samples 
Different samples based on the IEC agar-TMM recipe (Table 2-3) were manufactured 
by varying the constituent ingredients as shown in Table 2-4. The acoustic properties 
of these samples are described in Chapter 4. 
Using a base of agar and glycerol in the same proportions as in the IEC agar-TMM 
recipe (Teirlinck et al., 1998), eight batches, each yielding ten samples each of agar-
based samples were manufactured by the inclusion or exclusion of the ingredients 
between batches (Table 2-4). These ingredients include silicon carbide (SiC), and two 
particles sizes of aluminium oxide (0.3µm Al2O3 and 3µm Al2O3). The percentage of 
each ingredient and volumes of the liquid ingredients in each of the agar-based 
batches was not modified from the existing IEC agar-TMM recipe (Table 2-3). These 
samples were manufactured in a similar manner as the UTMMs described in Section 
2.4.1.1. The samples ranged in diameter from 4.5 to 5.5 cm. The thickness of the 
samples was between 1.78 and 3.32 mm. After being cut, these samples were placed 
in a sealed container filled with TMM preserving fluid.  
 
 












Bcontrol Control (IEC agar-
TMM) 
ü  ü  ü  ü  
BSiC SiC ü  ü    
BVWR Agar (VWR 
International) 
ü     
BMerck Agar (Merck 
Chemicals) 
ü     
BSiC+0.3 
Al2O3 
SiC + 0.3µm Al2O3 ü  ü  ü   
BSiC+3 
Al2O3 
SiC + 3 µm Al2O3 ü  ü   ü  
BAl2O3  0.3µm Al2O3+ 3µm 
Al2O3 
ü   ü  ü  
B0.3 Al2O3 0.3µm Al2O3 ü   ü   
B3 Al2O3 3µm Al2O3 ü    ü  
Table 2-4. Components included in each of the TMM batches. SiC = silicon carbide 
and Al2O3 = aluminium oxide.  
 
The agar ingredient was not removed from any batch of agar-TMM samples (Table 
2-4), as this is needed to gel the samples. Specifications for the component ingredients 
for each agar-TMM batch was tracked by the batch name.  
2.4.2 Small animal soft tissue preparation 
Twenty brains, 20 livers, and 20 kidneys were analysed from 50 recently euthanized 
mice. Healthy male C57BL/6 were euthanized by cervical dislocation under the 
auspices of the Animals (Scientific Procedure) Act 1986 (Schedule 1) approved by the 
University of Edinburgh Animal Welfare and Ethical Review Board (AWERB). 
C57BL/6 mice are a common inbred strain of laboratory mouse. Within 6 minutes of 
euthanasia, the organs were extracted, sliced in either the coronal or transverse plane 
(Figure 2-6) and their SoS and attenuation measured. Excised mouse organs were 
sliced using a 1 mm adult rat brain acrylic slicer matrix (Zivic Instruments, Pittsburgh, 
PA).  




Figure 2-6. Shows the different 3D anatomical planes. Image taken from muvag.info 
(date accessed 18 of January 2018). 
 
For brain tissue, the sample thickness was increased to 3 mm, as thinner samples 
tended to disintegrate during handling. Twenty brains were excised and sliced in the 
coronal plane at the superior colliculus which included the cerebral cortex (Figure 2-7 
A). Measurements were made at the centre of each sample, within the grey matter. 
Twenty murine left lateral liver lobes were excised and sliced in the coronal plane, to 
a thickness of 2 mm (Figure 2-7 B). Twenty kidneys from 10 mice were excised and 
sliced as follows: the right kidney was sliced in the coronal plane (Figure 2-7 C) and 
the left kidney was sliced in the transverse plane (Figure 2-7 D). Kidney samples were 
sliced in the centre of the organ at 2 mm of thickness. Measurements were made from 
the centre of each kidney sample, aiming at the kidney medulla. Only one tissue 
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               B 
 
         C 
 
                D 
Figure 2-7. Examples demonstrating the dissection planes of brain (A), liver (B) and 
kidney (C and D). 
 
2.5 EXPERIMENTAL SET-UP USING THE VEVO 770® SCANNER 
AND THE SAM SYSTEM 
RF data were collected using the Vevo 770® preclinical ultrasound scanner and the 
SAM system. The Vevo 770® scanner was used to measure the acoustic properties of 
IEC agar-TMM (Chapter 3), its individual components (Chapter 4) and mouse soft 
tissue samples (Chapter 5). The SAM system was only used to measure the acoustic 
properties of the IEC agar-TMM samples described in Chapter 3. The SAM system 
was employed to extend the frequency range of the ultrasound measurements to 
lower frequencies.  
Measurements were performed in a tank filled with either TMM preserving fluid, 
PBS, or degassed deionised water as the reference fluid. Selection of the reference 
fluid depended on the experiment and the type of sample being analysed (Chapters 
3, 4 and 5). Acoustic and physical details of each fluid will be described in Section 2.6. 
The Vevo 770® scanner and the SAM system were operated in the pulse-echo 
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configuration (RF mode). The SAM system used a data acquisition card controlled by 
a LabVIEW program. 
Figure 2-8 shows a schematic diagram of the experimental set-up used for the Vevo 
770® and the SAM system. The sample of interest was placed and scanned in a tank 
filled with the appropriate reference fluid. The sample was placed above an acoustic 
reflector. For all the experiments using the Vevo 770® scanner, the acoustic reflector 
was a polymethylpentene (TPX, Boedeker Plastics, Texas, USA) cylinder of 2.5 cm 
diameter and 5 mm thickness. When using the SAM system, the reflector employed 
was a glass slide (50 x 20 x 1 mm of thick). Both the TPX reflector and the glass slide 
were fixed at the focal point for each transducer, using modelling clay (Plasticine, 
Flair, UK). To adjust the position of the transducer and the object of interest for 
scanning, a 3D positioning system (Visualsonics Inc., Canada) with a step size of 0.1 
mm was used. This 3D positioning system contained a bench-mounted 2D (x and y 
axis) rail system and a z positioning system, where the transducer was mounted. For 
the SAM system, the transducer was fixed in a circular “transducer mount” (Figure 
2-9). Three plastic screws were located on the circumference of the transducer mount, 
which allowed 2D movement (x and y axis). The z axis of the transducer was 
facilitated by a height adjustable stage, which supported the transducer mount 
(Figure 2-4).  
 
 
Figure 2-8. Experimental set-up using the preclinical ultrasound scanner Vevo 770® 
and/or the SAM system. 
Sample 
SAM system 
TPX reflector / glass slide 
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The VisualSonics software allows setting of the acoustic output power of the 
transducer in increments from 3% to 100%. Measurements were made using the 4 
transducers mentioned earlier (Table 2-1) at 10% output power. This power was 
considered to provide sufficient signal magnitude to obtain a good signal-to-noise 
ratio without the generation of significant nonlinear effects (Sun et al., 2012). The SAM 
system was used at 100% output power.  
 
 
Figure 2-9. Top view of the transducer and the transducer mount used with the SAM 
system at the DIT (Dublin, Ireland). 
 
To collect RF data, the ROIs were located at the upper surface of the reflector, with 
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The size of the ROIs was consistent across samples, but not across transducers. For 
each measurement, the RF data was collected from 10 evenly spaced scan-lines within 
these preselected ROIs. The calculated angular change between the RF acquisition 
lines was 0.15°, therefore the lines were considered essentially parallel and 
perpendicular to the TPX reflector.  
2.5.1 Analysis of speed of sound, thickness and attenuation of 
samples using the Vevo 770® ultrasound scanner 
A broadband reflection substitution technique (AIUM, 2014) was employed in the 
analysis of RF data. This technique employs the pulse-echo return times from the 
front and rear surfaces of the sample, to determine the thickness, and from the front 
surface of the reflector, with and without the sample in place. The magnitude of pulse-
echoes from the front surface of the reflector, with and without the sample in place, 
are used to calculate the attenuation of the sample. The analysis of these echo pulses 
was performed using a Matlab script (Section 2.5.3).  
Two methods were employed to acoustically characterise the IEC agar-TMM 
samples, and these are described in Chapter 3. The difference between these methods 
results from the presence of the film layer in the manufacturing process of the FTMM 
samples and UTMM samples (see earlier Section 2.4.1.1). Because of the inclusion of 
the film in the FTMM samples, analysis of data from the FTMM and the UTMM 
samples were slightly different. The method to acoustically characterise the un-
covered (UTMM) samples was also used to acoustically characterise the component 
ingredients of the agar-TMM samples (Chapter 4) and the small animal soft tissue 
(Chapter 5), as none of these samples were covered in film.  
 Analysis of the soft tissue and TMM uncovered samples (UTMM)  
Figure 2-10 illustrates the relevant measurements obtained for uncovered samples. 
Table 2-5 shows the definition of the symbols used in Figure 2-10. This method pf 
calculation was used for the UTMMs (Chapter 3), the agar-TMM samples (Chapter 4) 
and the small animal soft tissue samples (Chapter 5). The preparation process of each 
of these samples has been explained in Section 2.4.1 and 2.4.2, respectively. 
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Figure 2-10. Diagram summarising pulse-echoes intervals involved in the 
calculations of the acoustic properties of TMM samples. A) with reference fluid only 




DTR Distance from the transducer to the reflector 
TR Return time interval between the surface of the reflector and the 
transducer, through the fluid reference. 
TSR Return time interval between the surface of the reflector and the 
transducer through the sample. 
TSLW Return time interval of the ultrasound wave from the transducer to the 
rear surface of the sample. 
TSUP Return time interval of the ultrasound wave from the transducer to the 
front surface of the sample. 
dS Thickness of the sample. 
c Speed of sound of the reference medium 
cSample Speed of sound in the sample 
Table 2-5. Definition of the symbols referenced in Figure 2-10 and involved in 
Equations 2-1, 2-2, 2-3 and 2-4. 
 
Using the Vevo 770®, the distance between the transducer and the reflector is fixed 
(OPQ). Equations 2-1 and 2-2 calculate the distance OPQ, with and without the sample 
in place. The equations below were used to calculate the speed of sound (SoS) 
(Equation 2-3) and thickness of the sample (Equation 2-4).  
The distance between the transducer and the reflector can be calculated as: 
A B 
DTR 
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 OPQ = .Q2 × 7 2-1 
The distance from the transducer to the reflector, when the sample is in place, can be 
calculated as: 
 OPQ = R.STU2 + .SQ2 − .SVW2 X 7 + Y.SVW2 − .STU2 Z 7S5[/\] 2-2 
Equations 2-1 and 2-2, were re-arranged and the factor of 2 gets divided out in order 
to calculate the speed of sound in the sample ( Ŝ5[/\]): 
 7S5[/\] = _1 + (.Q − .SQ).SVW − .STU` 7 2-3 
To calculate the thickness, and because of ^ = F ab  (V=velocity, d=distance and t=time), 
Equation 2-3 provides the speed of sound of the sample in terms of the return time 
intervals from the sample and reflector. Therefore, the thickness of the sample is given 
by: 
 FS = 7S5[/\][.SVW − .STU] 2-4 
The magnitude of pulse-echoes from the reflector, with and without the sample in 
place, were used to calculate the attenuation of the sample. Using the echo intensities 
of these RF signals, and since - = f?(where I stand for intensity and A for amplitude), 
the attenuation in dB cm-1 was calculated, using Equation 2-5: 
  (h, i, ") = − 202F6 _kmnA3 fSQ
(h, i, ")fQ(h, i, ") ` 2-5 
 Analysis of the film-wrapped samples (FTMM) 
Figure 2-11 illustrates the relevant time intervals for the samples wrapped in film. The 
definition of the symbols used in Figure 2-11 can be found in Table 2-6. Film-wrapped 
samples were only used for the IEC agar-TMM (FTMM) as explained in Section 
2.4.1.1. In order to acoustically account for the film and for the water displaced by the 
sample, a water test cell was manufactured and included in the analysis. 
 
2.5 Experimental set-up using the Vevo 770® scanner and the SAM system 





Figure 2-11. Diagram of the pulse echoes intervals involved in the calculations of the 
acoustic properties a) with reference fluid only, b) with the water test cell and c) with 
the FTMM. The definitions of the symbols can be found in Table 2-6.  
 
Symbol Definition 
DTR Distance from the transducer to the reflector 
TR Return time interval between the surface of the reflector and the 
transducer, through the fluid reference. 
TWR Return time interval between the surface of the reflector and the 
transducer, through the water test cell. 
TWLw Return time interval of the ultrasound wave from the transducer to the 
rear surface of the water test cell. 
TWUp Return time interval of the ultrasound wave from the transducer to the 
front surface of the water test cell.  
TTMMR Return time interval between the surface of the reflector and the 
transducer through the FTMM. 
TTMMLw Return time interval of the ultrasound wave from the transducer to the 
rear surface of the FTMM. 
TTMMUp Return time interval of the ultrasound wave from the transducer to the 
front surface of the FTMM. 
dTMM Thickness of the FTMM. 
cW Speed of sound of the degassed, deionised water. 
cS Speed of sound in film. 
cTMM Speed of sound in the FTMM sample. 
Table 2-6. Definition of symbols referenced in Figure 2-11 and involved in Equations 
2-6, 2-7, 2-8, and 2-9.  
 
Using the Vevo 770®, the distance between the transducer and the reflector is fixed 
(OPQ). Equations 2-6, 2-7 and 2-8 calculate the distance OPQ  with and without the 
A    B          C 
DTR 
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sample in place. The equations below were used to calculate the speed of sound 
(Equation 2-9) and thickness of the sample (Equation 2-10).  
The distance between the transducer and the reflector can be calculated as: 
 OPQ = .Q2 × 7p 2-6 
The distance from the transducer to the reflector, with the water filled sampled in 
place, can be calculated as: 
 OPQ = R.pTU2 + .pQ2 − .pV2 X 7p + Y.pV2 − .pTU2 − R.Q2 − .pQ2 XZ 7p
+ R.Q2 − .pQ2 X 7S 
2-7 
The distance from the transducer to the reflector, with the FTMM sample in place, can 
be calculated as: 
 OPQ = R.PqqTU2 + .PqqQ2 − .PqqVW2 X 7p
+ Y.PqqVW2 − .PqqTU2 − R.Q2 − .pQ2 XZ 7Pqq
+ R.Q2 − .pQ2 X 7S 
2-8 
Equations 2-6, 2-7 and 2-8 were re-arranged and the factor of 2 gets divided out in 
order to calculate the speed of sound in the sample ( P̂qq): 
 7Pqq = _1 + (.pQ − .rrQ).PqqVW − .PqqTU − (.Q − .pQ)` 7p 2-9 
To calculate the thickness, and because 7 = F ab  (c=velocity, d=distance and t=time), 
Equation 2-9 provides the speed of sound in terms of the return time intervals from 
the sample. Therefore, the thickness can be mathematically expressed as: 
 FPqq = 7Pqq[.rrV − .rrTU − (.Q − .pQ)] 2-10 
The magnitude of pulse-echoes from the reflector were used to calculate the 
attenuation. Using the echoes amplitudes of the RF signals from the reflector, with 
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the water filled sample and the FTMM sample, the attenuation in terms of dB cm-1 
was calculated, using Equation 2-11: 
  (h, i, ") = − 202FPqq _kmnA3 fPqqQ
(h, i, ")fpQ(h, i, ") ` 2-11 
The acoustic properties of degassed deionized water have previously been measured 
and found to have an attenuation coefficient ( W) proportional to f2 over the range of 
7.5 – 67.5 MHz (Duck, 2012; Pinkerton, 1949). Furthermore, the SoS of degassed 
deionized water varies with temperature (Bilaniuk & Wong, 1992; Del Grosso & 
Mader, 1972). At 20°C the attenuation of degassed deionised water is 2.17 x 10-3   dB 
cm-1 MHz2 (Duck, 2012). The attenuation of the IEC agar-TMM has been found to 
increase with increasing frequency. Consequently, the attenuation in this study was 
expressed as second degree polynomial, based on the form of the attenuation of 
degassed deionised water.  
  Pqq =   (h, i, ") +  W(h, i, ") = !" + #"? 2-12 
 Pqq represents the absolute attenuation of the IEC agar-TMM, f is the frequency 
(MHz) and a and b are the coefficients of the second degree polynomial function.  
When the FTMM samples were acoustically characterised the temperature of the 
degassed deionised water was 22.2 ± 0.5°C corresponding to a SoS of 1488.88 ms-1.  
2.5.2 Analysis of the acoustic data of TMM samples using the 
SAM system 
The SAM system displayed the RF data in real time during the measurements. For 
each sample, 10 consecutive pulses, equivalent to 10 lines at each position were 
recorded for later analysis.  
In the case of the SAM system, the thickness of the sample is required to calculate the 
SoS of the sample (7Pqq). To calculate the speed of sound of the sample Equation 2-13 
was used, using the same notation as in the previous section. 
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 7Pqq = 7p1 + ∆* 7p2FPqq 
2-13 
where ∆*  is the time difference between .Q  and, .PqqQ  or .QS  (see Figure 2-10 and 
Figure 2-11) depending on whether the sample was covered in film or not. FPqq is 
the known thickness of the sample. When using the SAM system, the thickness of the 
sample was input to the calculation from the measurements taken previously using 
the Vevo 770® scanner. 
The attenuation measured using the SAM system was calculated in a similar manner 
as that for the Vevo 770® scanner.  
2.5.3 Matlab script used for analysis. 
To calculate the acoustic properties of the samples, RF data were analysed offline 
using a Matlab script. The Matlab script was developed by Dr. Chao Sun and 
modified by Dr. David Kenwright. Figure 2-12 shows a diagram of the Matlab script 
from Dr. Chao Sun and Dr. David Kenwright. This script was developed for samples 
wrapped in film (similar to the FTMM samples described previously) (Kenwright et 
al., 2014; Sun et al., 2012). This code was used to perform the acoustic characterisation 
of FTMM samples and the water test cell based on the reflection substitution 
technique described in Section 2.5.1, also used for analysis in Chapter 3. The 
description of the symbols used in Figure 2-12 can be found in Table 2-6.  
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Figure 2-12. Diagram of the original Matlab script developed by Dr. Chao Sun and 
improved by Dr. David Kenwright. 
 
In this PhD, most of the samples used (UTMM, agar-TMM and soft tissue) were not 
wrapped in film. It was therefore necessary to modify the script to accommodate this 
change. The script was modified as follows. Based on the calculations described in 
Section 2.5.1.1, the pulse-echo from the reflector with the water test cell was not 
necessary, hence the formulas included in the script to calculate the thickness and the 
SoS of the samples were replaced by Equations 2-3 and 2-4. A subroutine to save the 
acoustic properties of the sample in an Excel sheet was introduced with the help of 
Dr. Arjan Geers. This Excel sheet was created automatically based on the total number 
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was used for the later statistical analysis. Also, a script was developed to 
automatically plot the mean attenuation versus frequency data measured from the 
different locations in the sample.  
 
 
Figure 2-13. Diagram of the Matlab script used in this PhD report. The red rectangles 
highlight the main modifications made to the original Matlab script (Figure 2-12). 
 
The red squares in Figure 2-13 highlights the modifications made based on the 
original Matlab script (Figure 2-12). It is important to note that compensation of the 
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properties of the particular reference fluids (i.e. TMM preservation fluid, PBS at 37°C, 
and degassed deionised water).  
 Matlab script used for the SAM system. 
 
Figure 2-14. Diagram of the Matlab script used in this PhD work. The red rectangles 
highlight the main modifications to the original Matlab script developed by Dr. Bakary 
Diarra at the Dublin Institute of Technology. 
 
As mentioned in Section 2.5.2, when using the SAM system, the thickness of the 
sample must be known in advance. This thickness value needed to be introduced in 
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SAM system was based on that from Dr. Bakary Diarra at the FOCAS of the Dublin 
Institute of Technology. A file with the thickness of the sample measured previously 
by the Vevo 770® was created. Figure 2-14 shows the diagram of the Matlab script 
used to analyse the data collected by the SAM system, the red squares highlighted the 
modifications made for this study. These modifications were based on the original 
script developed by Dr. Bakary Diarra.  
 Manual selection of the boundaries between the sample and the 
medium 
To calculate the acoustic properties of the different type of samples used (with no film 
covering), the positions of the sample interfaces had to be selected manually from the 
raw RF signal. This was due to the reduced magnitude of the echoes from the 
boundaries of these samples compared to the film-wrap samples (FTMM). For the 
FTMM interfaces were detected automatically by the Matlab script. Figure 2-15 shows 
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Figure 2-15. Difference in the upper RF signal using a TMM sample between A) an 
un-covered sample (UTMM) and B) a film-wrapped (FTMM) sample using the 
RMV704 probe with the Vevo 770® ultrasound scanner. The difference in the TGC 
was 2 for the FTMM and 0 for the UTMM. The red circles in both upper images indicate 
the nominal focus of the transducer. 
 
Manual selection of the boundaries between the sample and the medium was 
performed by selecting the largest pulse-echo at each interface of the sample (Figure 
2-16). The criteria for this was that the peak selected (positive or negative) should be 
at least 100% greater than the magnitudes of all echoes in the previous 0.2 mm time-
window (as shown in Figure 2-16 below). This 0.2 mm time-window was considered 
sufficient for the user to visualise the boundary between the sample and the reference 
medium. This process was carried out for each of the 10 lines of the raw RF signal 
inside the ROI; the mean value from 10 lines enables the thickness of the sample to be 
determined each measurement. 
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Figure 2-16. Example of the peak detected automatically by the Matlab script and the 
peak detected using manual selection from the raw RF data measured with the 
RMV704 (18 – 40 MHz) probe. 
 
2.5.4 The 3dB bandwidth measurement of the Vevo 770® and 
the SAM system transducers 
To understand the energy distribution in the frequency domain, the frequency 
bandwidth of each transducer signal was assessed. Figure 2-17 shows an example of 
the pulse-echo reflected from the TPX reflector using the RMV710B probe for the A) 
time domain and B) frequency domain. The frequency domain shown has not been 
normalized to the spectrum peak. The width of the ultrasound spectrum is commonly 
measured in terms of the -3 dB bandwidth. This is calculate by subtracting 3 dB either 
side of the peak maximum and taking the peak width between those peaks, see Figure 
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Figure 2-17. RF signal reflected from the TPX in water using the RMV710B probe at 
10% power in A) time domain and B) frequency domain. 
 
The 3 dB bandwidth was measured for the four RMV probes of the Vevo770® scanner 
and for the three V-series probes of the SAM system. The 3 dB bandwidth 
measurements for the Vevo770® probes were made with the transmitter power at 
10% of its maximum power, 1 pulse cycle. The 3 dB bandwidth measured with the 
SAM system was at 100% output power. The peak negative pressure value shown in 
Table 2-7 was obtained from Sun, (2012) and for the SAM system, the peak negative 
pressure was provided by Dr. Jacinta Brown who performed equivalent 
measurements at the Dublin Institute of Technology. 
 
Transducer model and 
measurement system 






18 – 40 0.52 
RMV 707B 12 – 32 1.05 
RMV 710B 12 – 28 1.06 
RMV 711 25 – 50 0.23 
V320 
SAM system 
4.5 – 9 0.05 
V317 14 – 25 0.021 
V390 20 – 40 0.022 
Table 2-7. Characteristics of the Vevo 770® and the SAM system transducers. The 3 
dB bandwidth value was taken from measurements. The spatial peak temporal peak 
negative pressure (P-) in degassed deionised water values were taken from Sun, 
(2012) and for the SAM system the values were provided by Dr. Jacinta E. Brown 
(FOCAS, DIT, Dublin, Ireland). 
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The 3 dB bandwidth values shown in Table 2-7 summarise the frequency range used 
in the acoustic characterisation of TMM (Chapters 3 and 4) and soft tissue acoustic 
characterisation (Chapter 5). 
2.6 ACOUSTIC CHARACTERISATION OF REFERENCE FLUIDS 
During this project, different reference fluids were used to measure the acoustic 
properties of the different samples (Section 2.4). A TMM preservation fluid was used 
to facilitate measurement of the acoustic properties of the UTMM manufactured from 
IEC agar-TMM (Chapter 3) and the acoustic properties of its individual components 
(agar-TMM samples in Chapter 4). Degassed deionised water was used as the 
reference fluid for the measurement of the acoustic properties of the FTMM 
manufactured from IEC agar-TMM (Chapter 3). Phosphate-buffer saline (PBS) fluid 
at 37°C was used to acoustically characterise soft tissue excised from small animals 
(Chapter 5). The acoustic properties of the degassed deionised water have been 
discussed in Section 2.5.1.2. 
The SoS and the attenuation coefficient of these two reference fluids (TMM preserving 
fluid and PBS at 37°C) were required in order to calculate the acoustic properties of 
the sample of interest (i.e. IEC agar-TMM, agar-TMM or soft tissue) as mentioned in 
Section 2.5.1 using Equations 2-1, 2-2 and 2-3. 
2.6.1 TMM preserving fluid acoustic properties 
During this PhD, an alternative method to measure the acoustic properties of the IEC 
agar TMM was established when thin slices of IEC agar-TMM were uncovered by 
film (UTMM). This method involved the use of a TMM preserving fluid, both as a 
preservation fluid and as the reference fluid. A more commonly used procedure 
employs degassed deionised water as the reference fluid. However, it is widely 
acknowledged (Brewin et al., 2008; Browne et al., 2003) that use of a TMM 
preservation fluid prevents drying of the TMM and also prevents glycerol leaching, 
which occurs when the TMM is simply immersed in water. Drying and glycerol 
leaching cause changes in the acoustical properties of TMM. Further details of 
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different method for acoustic characterisation of IEC agar-TMM samples are 
provided in Chapter 3.  
The use of this alternative method required the acoustic characterisation of the TMM 
preserving fluid. This TMM preserving fluid was manufactured in-house according 
to a previously published article (Brewin et al., 2008; Cannon et al., 2011; Inglis et al., 
2006). Table 2-8 shows the ingredients of the TMM preserving fluid. 
 
TMM preserving fluid 
Volume (ml) Ingredient 
143.9 ml 99% Glycerol 
58.71 ml 10% Benzalkonium chloride  
1000 ml Degassed deionized water 
Table 2-8. Ingredients of the TMM preserving fluid (Inglis et al., 2006). 
 
The acoustic characterisation of the TMM preserving fluid was performed by the 
National Physical Laboratory (NPL, Teddington, UK), using a transit time approach 
employing 2 transducers (pulser and receiver) (Rajagopal et al., 2014). This approach 
measured the time taken for the ultrasound pulse to travel through the sample. Two 
TMM preservation fluid test cells were manufactured by the NPL using Mylar film 
(12 µm thick). These cells were created by ‘sandwiching’ TMM preservation fluid in 
film, using 2 Perspex frames. Further details on the experimental set-up used by the 
NPL can be found elsewhere (Rajagopal et al., 2014). The SoS values of the TMM 
preservation fluid measurements were made over the frequency range 1 – 60 MHz, 
whereas to calculate the attenuation coefficient, the frequency range was from 10 – 60 
MHz (with an uncertainty of 95% and an SD mean of 0.18 dB cm-1). The NPL 
measured the SoS of the TMM preserving fluid at 19.3 ± 0.1°C to be 1538.15 ± 0.22    
ms-1.  
Based on the data provided by the NPL a second degree polynomial function was 
fitted to the attenuation data (α [dB cm-1]) as a function of frequency (f (MHz)), as 
 Pqqu\v(H = 0.00309"? − 0.004996" (R2=0.99) over the frequency range 1 – 60 MHz.. 
The R2 value is the coefficient of determination indicating the amount of variation in 
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response to the variable y explained by the independent variable x in the linear 
regression model. The larger the R2 value is, the better the model fits the data. Figure 
2-18 shows the attenuation versus frequency data as measured by the NPL and the 
second degree polynomial function extended to 1 MHz.  
 
Figure 2-18. Attenuation versus frequency data measured by the NPL together with 
the second degree polynomial fit. 
 
2.6.2 Acoustic properties of Phosphate Buffered Saline (PBS) 
at 37°C  
It is important that the excised soft tissue acoustic characteristics be measured in a 
physiologically relevant environment. To achieve this, and to prevent degradation of 
the tissue, the samples where preserved in phosphate buffer saline (PBS) at 37°C 
(Edgeworth et al., 2009; Muleki-Seya et al., 2016; Wirtzfeld et al., 2015). Therefore, it 
was important to quantify the acoustic properties of PBS. Soft tissues were preserved 
at body temperature (37°C), and so the PBS fluid was characterized at the same 
temperature. The PBS was manufactured in-house using the recipe provided by the 
manufacturer (SIGMA, Life Science).  
The SoS of the PBS was calculated based on the salt concentration (S) in g/100 cm3 of 
water and the temperature a = .(°}) 10⁄  of the fluid (Coppens, 1981): 
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 }65\(I] = 1449.05 + 45.7a − 5.21a? + 0.23a + (1.333 − 0.126a +0.009a?)(10 − 35)       
2-14 
To calculate the percentage of salinity in PBS, the formula used was: 
 % B̂ = r ∗ B6\10  2-15 
Where, M is the molarity, Psol is the solute weight or mass. To obtain the weight from 
the molarity we need: 
  = Ĵ       where      J = Br 2-16 
Where n number of moles, V is the volume in litres, m is the mass and PM is the 
molecular weight of the solute.  
Because the PBS contains potassium chloride and sodium chloride, Equations 2-15 
and 2-16 were used twice, each time for each compound. The salinity for the KCl was 
found to be 0.010 g/100 ml and 0.4 g/100 ml for NaCl (i.e. 4.1 g per litre or 0.41%). 
Using Equation 2-14, the SoS for the PBS at 37°C used here was 1527.9 ms-1. This SoS 
value was confirmed experimentally when using an immersion V307 probe with 5 
MHz central frequency (Olympus NDT Inc., Waltham, MA, USA). The maximum 
variation in the SoS of the PBS measured experimentally was found to be ± 3.9% when 
compared with the theory value, within a temperature range of 37.0 ± 0.4 °C.  
The attenuation of PBS was assessed based on a pulse-echo substitution technique 
and using degassed deionised water as the reference fluid. The SoS and attenuation 
of distilled water are well documented over the frequency of 1 – 67.5 MHz (Bilaniuk 
& Wong, 1992; Coppens, 1981; Del Grosso & Mader, 1972; Pinkerton, 1949; Rajagopal 
et al., 2014).  
 Experimental set-up for the PBS attenuation coefficient 
measurement 
To measure the attenuation of PBS at 37°C, the following experimental set-up was 
used. A temperature controlled water-filled reservoir (Grant Instruments, 
Cambridge, UK) with dimensions of 15 x 33 x 19 cm was used to heat the PBS to 37.2 
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± 0.2°C. A smaller glass container (10 x 8 x 7.5 and 1 cm thick) was placed inside the 
water reservoir (Figure 2-19). A 1 cm layer of an acoustic absorber (Aptflex F28, 
Precision Acoustics, Dorset, UK) was placed at the bottom of the glass container. A 
cylindrical acoustic reflector made from polymethylpentene (TPX, Boedeker Plastics, 
Texas, USA) with 2.5 cm diameter and 5 mm thick was glued to the absorber. The set 
temperature of the water-filled reservoir was regulated and maintained between 38.5 
– 40 °C, so the temperature of the PBS inside the glass container could be maintained 
at 37°C.  
Firstly, the glass tank was filled with degassed deionised water at 37°C (for the 
collection of the reference acoustic signal). Later, the degassed deionised water was 
removed from the glass container using a syringe and replaced with previously 
warmed PBS at 37°C. The exact temperature was recorded for each measurement with 
an available rectal probe for mice RET-3 (Physitemp Instruments, Inc., New Jersey, 
USA). This rectal probe has a tip of 0.065in and a time constant temperature record of 
0.5 sec, controlled with a TM 50 mouse maintenance system (Inclus Instrument).  
 
 
Figure 2-19. Experimental set-up used to characterise the PBS at 37°C. 
 
The position and the amplitude of the TPX reflector of the pulse return time located 
in the glass container filled with PBS solution (Figure 2-20) were measured with 3 
different transducers (RMV707B, RMV710B, and RMV711) at 10% output power 
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covering the frequency range from 12 – 50 MHz (Table 2-7) using the Vevo 770® 
scanner. The TPX reflector was located at the focal depth of each transducer. A total 
of 100 measurements from 10 lines all within the pre-positioned ROIs located at the 
surface of the TPX reflector, the raw RF data was collected and analysed offline using 








Figure 2-20. Diagram of the pulse-echo time interval difference from the TPX reflector 
with the different fluids as measured by the 4 probes of the Vevo 770® ultrasound 
scanner. A)Time measured using degassed deionised water at 37°C and B)Time 
measured using PBS at 37°C. 
 
 Analysis of the PBS attenuation 
The attenuation of PBS was estimated based on a pulse-echo substitution technique 
(AIUM, 2014) using the experimental set-up shown in Figure 2-20. Using O as the 
distance between the transducer and the TPX reflector (focal point, Equation 2-1) the 
attenuation [α in (dB cm-1)] can be calculated (Equation 2-17): 
  (") = − 202O kmnA3 f
(")W5*])f3(")US  2-17 
Where f(")W5*]) and f3(")US are the amplitude of the signal spectrum from the TPX 
measured in degassed deionised water and in PBS fluid respectively and, O is the 
distance calculated by the return time intervals of the pulse echoes from TPX (OUS −
OW5*]) ) within the different fluids. This enabled the attenuation of PBS to be 
Time difference between 
the water and the PBS 
A                                           B 
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calculated from the difference in the pulse-echoes between the degassed, deionised 
water as the reference fluid and the PBS both at 37°C (Figure 2-21 and Figure 2-22).  
 
 
Figure 2-21. Comparison of the RF data from degassed deionised water and PBS 




Figure 2-22. Fast Fourier Transform (FFT) calculated from the RF data measured 
from degassed deionised water and PBS, both at 37°C. 
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 Results of PBS attenuation measurement  
The attenuation of the PBS was measured using the RMV707B, RMV710B, and 
RMV711 of the Vevo 770® ultrasound scanner. Measurements were performed 5 
times with each transducer. The absolute attenuation of the PBS was compensated 
using the attenuation of the degassed deionised water at 20°C (Duck, 2012; Pinkerton, 
1949). Figure 2-23 shows the averaged attenuation versus frequency data, including 
the attenuation of pure water at 20°C, 30°C and 40°C (Duck, 2012). A second 




Figure 2-23. Attenuation versus frequency data measured from PBS at 37°C with a 
second degree polynomial fit. The attenuation of pure water is also added at 20°C, 
30°C, and 40°C (Duck, 2012). 
 
2.7 DISCUSSION 
This chapter has presented the equipment and methodology used in this project. 
Specifically, the preclinical ultrasound scanner Vevo 770® and the SAM system 
(Dublin Institute of Technology, Dublin, Ireland) and their corresponding probes. 
This chapter also described the collection and the analysis of the acoustic data, and 
the acoustic properties of two reference fluids used in this project. The results from 
the acoustic characterisation of the fluids will be discussed in later chapters. The 3 dB 
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bandwidth measured from the Vevo 770® transducers and from the SAM system 
transducers corresponds to the frequency range used for the measurements described 
in Chapters 3, 4 and 5. The following discussion describes the impact of these settings 
on the assessment of the uncertainties in the measurement. 
2.7.1 Sample thickness measurement 
The thickness of the various samples was quantified based on a pulse-reflection 
substitution technique (AIUM, 2014) described in Section 2.5.1.1, using the Vevo 770® 
scanner. For the un-covered samples used in this project, the thickness of the sample 
was affected by the manual selection of the echo peaks between the boundaries firstly 
from the reference fluid – sample boundary, and secondly, from the sample – 
reference fluid boundary (Section 2.5.3.2). The manual selection method for 
determining the thickness of the uncovered samples was compared with the 
measurement of the thickness using a screen captures image saved from the Vevo 
770® scanner (Figure 2-3).  
 
 
Figure 2-24. Example of the thickness measured using a TMM sample from the 
screen capture of the RMV710B probe with the Vevo 770® scanner. 
 
TMM sample dS 
Nominal 
focus of the 
transducer 
1mm 
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The thickness of the samples was also measured from ‘zoomed’ screen capture 
images. Differences in the calculation of the thickness between the screen capture 
method and from the raw data using manual selection of the peak were 2%. Typical 
differences were found to be approximately ±0.07 mm. It was therefore concluded 
that the manual selection of the peak in the raw data (Section 2.5.3.2) was a sufficiently 
accurate method to determine the thickness of the sample. Selection of the peak was 
also chosen, as its inclusion in the Matlab algorithm was a straightforward process. 
Whereas using the thickness as determined by analysis of the screen capture image 
would have required development of additional code or would have been time 
consuming to perform manually. 
2.7.2 The 3 dB bandwidth measurement of the transducers 
The 3 dB bandwidth measured from the Vevo 770® transducers and from the SAM 
system described in Section 2.5.4, represents the sensitive frequency range of the 
transducers used. The 3 dB bandwidth across all 7 transducers enabled an almost 
complete frequency bandwidth of 4.5 – 50 MHz to be explored, with a small gap 
between 9 and 12 MHz.  
2.7.3 PBS at 37°C 
Previous studies have assumed the acoustic properties of PBS to be similar to those 
of degassed deionised water at the same temperature (Muleki-Seya et al., 2016). Some 
previous studies have used saline fluid (9% salinity) as the reference fluid (Kumagai 
et al., 2014; Gunawan et al., 2015). However, saline has a higher salinity concentration 
than PBS, which was calculated as 4%. The SoS value using Equation 2-14 (Coppens, 
1981) was compared to pure water and to saline at the same temperature to calculate 
the SoS of PBS (4% salinity) at 37°C.  
When introducing a salinity of 0% (pure water) into Equation 2-14 the SoS was 
calculated as 1523.9 ms-1 at 37°C. The acoustic properties of pure water have been 
previously measured using an ultrasonic interferometer and experimentally 
(Bilaniuk et al., 1992; Del Grosso et al., 1972). In those studies, the SoS for pure water 
at 37°C was found to be 1523.4 ms-1 (Bilaniuk et al., 1992; Del Grosso et al., 1972). The 
difference between the SoS calculated using Equation 2-14 and data found in the 
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literature was 0.5 ms-1, indicating that Equation 2-14 is in good agreement with 
information found in the literature for pure water.  
When assuming a salinity of 9% (saline fluid) using Equation 2-14, the SoS was 
calculated as 1531 ms-1 at 36°C. Previous studies report a SoS for saline fluid to be 1536 
at 36°C (Hachiya, in Japanese, with English abstract) (Kumagai et al., 2014). The 
difference between the SoS calculated using Equation 2-14 and previous studies was 
found to be 5 ms-1. The difference in the SoS may be attributable to the different types 
of salt used between sodium and/or potassium chloride.  
The SoS for PBS at 37°C used in this study was 1527.8 ms-1. This SoS value was found 
to be 8.14 ms-1 lower than the SoS for saline fluid (Hachiya) and up to 4.5 ms-1 higher 
than the SoS for pure water (Bilaniuk et al., 1992; Del Grosso et al., 1972). Additionally 
Worthington & Sherar, (2001) measured a SoS for PBS at 37°C to be 1541 ms-1, with a 
salinity of 0.9% using the same formula as Equation 2-14. This SoS value is 13.1 ms-1 
higher than the SoS value used in this study. The difference in these SoS values is 
likely to be due to the different salinities. Therefore, it is not appropriate to assume 
that the SoS for PBS is the same as that of pure water, as doing so, could result in 
higher experimental uncertainty.  
The attenuation data measured from PBS using the experimental set-up shown in 
Figure 2-20 was fitted to a second degree polynomial. The variability of the 
attenuation measured across the 3 transducers (Figure 2-23) could be due to the 
repeatability of measurements performed using the same transducer which was ±1 
dB cm-1. The attenuation data for PBS at 37°C calculated in this study was found to be 
similar to that of degassed deionised water at 20°C and was, proportional to f2 over 
the frequency range 12 – 32 MHz. Previously published studies  that used PBS as a 
reference fluid (Gunawan et al., 2015; Muleki-Seya et al., 2016; Worthington & Sherar, 
2001) assumed the attenuation coefficient to be the same as water (2.17 x 10-3 dB cm-1 
MHz-2 at 20°C)(Duck, 2012). At 32 MHz the attenuation difference in between pure 
water at 20°C and the attenuation calculated for PBS at 37°C was found to be 0.67 dB 
cm-1. To the best of my knowledge, there are no other studies where the attenuation 
of PBS has been measured. 
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Figure 2-25 shows the attenuation versus frequency data for degassed deionised 
water at 20°C (Bilaniuk & Wong, 1992; Coppens, 1981; Del Grosso & Mader, 1972; 
Rajagopal et al., 2014) for TMM preservation fluid measured by the NPL at 19.3 ± 0.1 
°C, and for PBS measured at 37°C using the 3 transducers of the Vevo 770® 
ultrasound scanner. It can be seen that the difference in attenuation between 
degassed, deionised water and the TMM preservation fluid at 50 MHz was up to 2 
dB cm-1. Whereas the difference in attenuation between the PBS and degassed 
deionised water or TMM preservation fluid at 37°C was ±1 dB cm-1. 
 




This chapter describes the Vevo 770® preclinical ultrasound scanner using 4 
transducers to cover the frequency range 12 – 50 MHz and the SAM system using 3 
transducers covering the frequency range 4.5 – 40 MHz, with a gap between (9 – 14 
MHz). This chapter also describes: 
1. The collection of RF data and the analysis using a broadband reflection 
substitution technique.  
2. The preparation of the TMM samples and small animal tissue samples. These 
TMM samples consisted of IEC agar-TMM manufactured using two different 
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techniques, film-covered samples (FTMM) and un-covered samples (UTMM). 
The preparation of the agar-TMM samples with the inclusion of the varying 
constituent ingredients was also described.  
3. Flow diagrams of the Matlab scripts used for the acoustic analysis are 
described. 
4. The 3 dB bandwidth at 10% power for the Vevo 770® transducers and at 100% 
power for the SAM system transducers is described.  
5. The acoustic characterisation of two different reference fluids; Phosphate 
Buffered Saline (PBS) at 37°C and the TMM preserving fluid at 19.3°C was 
performed. 
The 3 dB bandwidth data, and the acoustic properties of the two reference fluids 
provide the reference acoustic information relating to the frequency range covered in 
the following Results chapters.   





THE ACOUSTICAL PROPERTIES OF THE IEC AGAR-TMM: A 
LONGITUDINAL STUDY USING TWO MEASUREMENT 
TECHNIQUES   
3.1 AIM OF CHAPTER 
Quality assurance (QA) phantoms manufactured from TMM are often used 
repeatedly over extended periods of time. This chapter examines the acoustical 
properties of IEC agar-TMM in the frequency range from 4.5 – 50 MHz over a one 
year period. Equipment used for the measurements were the Vevo 770® ultrasound 
scanner and the SAM system, both previously described in Chapter 2. The long term 
acoustical properties of TMM are likely to be affected by the method of storage and 
measurement procedure. The most commonly used measurement technique to 
acoustically characterise the IEC agar-TMM is compared and contrasted with an 
alternative approach developed in this project.  This alternative technique was 
developed with the objective of examining the long term acoustic stability of the TMM 
material and to provide more accurate and precise acoustic values. The results from 
this Chapter have been published as Rabell-Montiel et al., (2017) (Appendix 1), and 
some of the acoustic data generated from the uncover TMM samples as a function of 
time, were published as Rabell-Montiel et al., (2017).  
3.2 INTRODUCTION 
With increasing of high-frequency ultrasound imaging applications, there is a need 
to develop and to acoustically characterise TMMs suitable for high-frequency 
ultrasound QA and training test objects. It has been shown that above 10 MHz the 
attenuation of TMMs in existing commercial test phantoms exhibit a nonlinear 
response with increasing frequency (Browne et al., 2003). The IEC guideline for TMM 
properties recommends a linear relationship between attenuation and frequency up 
to 10 MHz based on published studies for soft tissue. 
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The IEC agar-TMM has previously been found to have a non-linear response when 
acoustically investigated at frequencies up to 60 MHz (Brewin et al., 2008; Sun et al., 
2012 and Rajagopal et al., 2014). In these studies, the use of test cells or TMM samples 
wrapped with plastic film material (Saran Wrap® or Mylar®) was employed to 
preserve the samples during acoustic characterisation. In these studies, degassed, 
deionised water was used as a coupling and reference medium. Slices of TMM 
ranging in thickness from 2.5 – 30 mm were employed, enabling higher ultrasound 
frequencies to propagate fully through the TMM slices (Brewin et al., 2008; Rajagopal 
et al., 2014; Sun et al., 2012). Encasing the TMM in film is important, as without the 
film the TMM degrades rapidly. This degradation is due to leaching of the glycerol 
from the TMM into the water reference medium, thus altering the acoustic properties 
of the TMM (Brewin et al., 2008). In these studies, a reference water test cell, also 
encapsulated in Saran Wrap® or Mylar® film, was used in the reference 
measurement in order to investigate the effect of the film on measurements 
(Rajagopal et al., 2014; Sun et al., 2012). The production of both the TMM slices 
wrapped in film and water test cells is time-consuming and technically challenging, 
especially for thin TMM samples. 
In addition to being technically difficult to fabricate, the film-wrap method is also 
prone to failure as it relies on a perfect seal of the TMM by the plastic film. Therefore, 
this well used technique for the measurement and preservation of IEC agar-TMM 
materials was compared to an alternative technique. In this alternative technique the 
TMM is both characterised and stored in a preserving fluid. This approach aims to 
avoid the use of the plastic film, to provide a robust and easy-to-use alternative to 
using film. Furthermore, this method was evaluated over a 1 year period, to 
determine the longitudinal stability of the acoustic properties. This chapter compares 
the longitudinal acoustic stability between these two measurements techniques. 
Chapter 4, presents the acoustic properties of the individual ingredients composition 
of the IEC agar-TMM. 




As before, data were captured using two different acoustical systems. Firstly, the 
Vevo 770® preclinical ultrasound scanner described in the Section 2.2 and secondly, 
a SAM system was used, located at the FOCAS centre of the Dublin Institute of 
Technology (Dublin, Ireland) described in Section 2.3. The SAM system was used to 
provide additional acoustic data and to extend the bandwidth lower limit to 4.5 MHz.  
3.3.1 Manufacture of the FTMM and the UTMM samples 
In order to compare the two measurement and preservation techniques, two batches 
of TMM were created. The first batch consisted of un-covered IEC agar-TMM 
samples, stored and measured in TMM preserving fluid. The second batch consisted 
of film-wrapped IEC agar-TMM samples preserved in a sealed box, together with 
tissue moistened with TMM preservation fluid, and measured in degassed deionised 
water. The manufacturing process from both batches has been described in Section 
2.4.1.1.  
3.3.2 Experimental set-up  
In this study, radio frequency (RF) data were collected and analysed from 11 film-
wrapped TMM samples (FTMMs) and 11 un-covered TMM samples (UTMMs). To 
measure the acoustic properties, the FTMM samples were submerged in a tank filled 
with degassed, deionised water as the reference medium, while for the UTMM 
measurements, the tank was filled with TMM preserving fluid. Measurement of the 
TMM thickness, SoS, and attenuation of the FTMM and UTMM samples was 
performed using the Vevo 770® scanner. The SoS and the attenuation of the FTMM 
and UTMM samples were also performed by the SAM system.  
Details of the experimental set-up used for both systems can be found in Section 2.5. 
Measurements were made using 7 transducers in total, Table 2-7 lists the bandwidth 
of each transducer and its peak negative pressure. 
3.3.3 Acquisition of the acoustical data 
For each measurement, RF data was collected from 10 adjacent scan-lines within a 
pre-selected ROI at 4 different positions on the FTMM or UTMM slices. Data were 
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analysed off-line using a Matlab script (Figure 2-13) based on a broadband pulse-echo 
substitution technique (Section 2.5.1.1 and 2.5.1.2).  
The characteristics of both FTMM and UTMM samples were assessed over a period 
of 1 year at approximately 0, 3, 6, 9 and 12 month time points. At each time point, 
measurements taken with the Vevo 770® were performed before measurements with 
the SAM system. 
3.3.4 Acoustic analysis of samples 
The calculation of the SoS, thickness, and attenuation from UTMM (Section 2.5.1.1) 
and FTTM (Section 2.5.1.2) have been previously described for both the Vevo 770® 
ultrasound scanner (Section 2.5.1) and the SAM system (Section 2.5.2). The thickness 
used to calculate the acoustic properties using the SAM system, was the thickness 
measured the first time by the Vevo 770®. 
The acoustic properties of the TMM preservation fluid and degassed deionised water 
used in this study have also been described previously in Section 2.6.1. 
3.3.5 Unpreserved samples, batch to batch variation and 
measurement repeatability of the UTMMs 
The acoustic properties of an additional two unpreserved UTMM samples were 
measured in an identical manner to that described previously but using only the 
RMV704 transducer (centre frequency 40 MHz, Table 2-1 and Table 2-7). 
Measurements were performed every 24 hours over a 96 hour period. The 
unpreserved samples were left exposed to the air between measurements.  
An indication of TMM batch-to-batch variability was assessed by measuring the 
acoustical properties of 6 UTMMs manufactured from a second batch of TMM. These 
samples will be referred to as UTMM2. These samples had a mean thickness of 2.01 ± 
0.05 mm as measured using the Vevo 770® scanner. The acoustical properties were 
measured with the Vevo 770® and with the SAM system at 6 and 12 months. 
Data analysis was performed in the same way as for the 11 UTMM samples described 
in Section 2.5.1.1.  
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To assess the repeatability of the measurement system, the acoustic properties of the 
11 UTMM samples were measured with one transducer RMV710B at 5 different times 
over a 1 month period. The reference medium for these repeatability tests was the 
TMM preserving fluid.  
3.4 RESULTS 
3.4.1 Speed of sound and thickness of FTMMs and UTMMs 
The mean thickness of the FTMM and UTMM samples calculated using the RF 
ultrasound signals from the Vevo 770® over all time points (0, 3, 6, 9 and 12 months) 
showed a maximum variation of 0.25 mm and 0.08 mm for the FTMM and UTMM 
respectively, indicating less variation over time in the UTMM. The thicknesses, 
measured by digital calliper, from 11 UTMMs showed a maximum variation of 0.03 
mm (Table 3-1).  
 
Number 




UTMM thickness (mm + SD) 
Vevo 770® Micrometre 
1 2.61  (0.04) 2.63  (0.04) 2.54 (0.02) 
2 2.60  (0.05) 2.82  (0.04) 2.76 (0.02) 
3 3.08  (0.13) 3.17  (0.06) 3.08 (0.00) 
4 2.08  (0.25) 2.77  (0.04) 2.68 (0.01) 
5 2.26  (0.08) 3.03  (0.04) 2.93 (0.01) 
6 2.67  (0.11) 2.70  (0.04) 2.63 (0.01) 
7 2.08  (0.15) 2.99  (0.05) 2.89 (0.03) 
8 2.16  (0.10) 2.74  (0.06) 2.63 (0.01) 
9 2.79  (0.19) 3.28  (0.08) 3.02 (0.01) 
10 2.56  (0.05) 3.13  (0.06) 3.21 (0.01) 
11 2.71  (0.05) 2.93  (0.04) 2.86 (0.03) 
Table 3-1. The mean and SD of the thickness of 11 FTMM and 11 UTMM samples 
measured by the Vevo 770® at all-time points. The thickness of the UTMMs were 
measured with micrometre at the start of each experiment.  
 
Table 3-2 shows the mean SoS of FTMM and UTMM samples at each time point. It 
can be seen that the SoS of the FTMMs exhibited larger variability than the SoS of the 
UTMMs. Using a Student’s t-test (unpaired) it was shown that the mean SoS value of 
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FTMMs and UTMMs samples were not statistically different (p > 0.5) at the start of 
the experiment, but displayed a significant difference (p < 0.05) for the remainder of 
the time points. The results after 1 year showed that the SoS of the FTMM samples 
decreased by 22.1 ms-1 compared with the first measurement at 0 months, whereas 
the SoS of the UTMMs samples decreased 4.1 ms-1 over the same 12 month period. 
The SoS of UTMM2 samples calculated over a 6 month time period showed a decrease 
from 1558.1 ± 5.3 ms-1 to 1544.8 ± 3.3 ms-1, with a difference of 13.3 ms-1. 
 
SoS ± SD 
(ms-1) 



















1544.2  ± 
6.8 
1541.8  ± 
1.6 
Table 3-2. The mean and SD of the SoS (ms-1) measured with the Vevo 770® and 
SAM system at each time point for the FTMMs and UTMMs samples. 
 
Table 3-3 shows the mean SoS averaged over all time-points for each of the 
measurement systems. It was found that the SoS measurements using the SAM 
system exhibit less variability than the SoS measurements using the Vevo 770® for 
the FTMM and UTMM samples. 
 
SoS  ± SD (ms-1) Vevo 770®  SAM system  
FTMM  1536.3 ± 13.6 1533.1 ± 12.1 
UTMM  1544.1 ± 5.1 1544.1 ± 2.7 
Table 3-3. The mean and SD of the SoS (ms-1) over all time points for the 11 FTMMs 
and 11 UTMMs measured by the four transducers of the Vevo 770® and by the three 
transducers of the SAM system (Table 2-7). 
 
The mean SoS values of the samples over all time points, using both measurement 
systems, were found to be 1534.7 ± 13.7 ms-1 for the FTMM and 1544.1 ± 3.9 ms-1 for 
the UTMM (Table 3-4). The mean SoS for the UTMM2 was found to be 1551.4 ± 6.2 
ms-1. Table 3-4 also shows the SoS results in comparison with those values published 
for IEC agar TMM (Brewin et al., 2008; Browne et al., 2003; IEC, 2001; Rajagopal et al., 
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2014; Sun et al., 2012). The mean SoS of FTMMs and UTMMs are within the values 
specified by the IEC (IEC, 2001). 
 
Sources 
Type of samples 
(covered with film 
or uncovered) 




IEC, 2001  1540     ± 15 2 – 10 
Browne et al., 
2003 
UTMM measured in 
degassed water 
1546.5  ± 3 
2.25 – 15 
Brewin et al., 2008 




1537     ± 2.6 
 
 
1540.9  ± 8.7 
17 – 23 
Sun et al., 2012 FTMM 1547.8  ± 3.7 10 – 47 
Rajagopal et al., 
2014 
FTMM 
1544     ± 3.1 




UTMM measured in 
TMM fluid 
1534.7 ± 13.7 
 
 
1544.1  ± 3.9 
4.5 – 50 
Table 3-4. Values of SoS (ms-1 ± SD) measured in this study using two different 
methods, compared with published data. 
 
3.4.2 Attenuation as a function of frequency for FTMM and 
UTMM samples 
Figure 3-1 and Figure 3-2 show the mean attenuation as a function of frequency for 
the FTMM and for the UTMM samples respectively at 0, 6 and at 12 month time points 
measured using the 7 different transducers. It can be seen that the variation in the 
mean attenuation values for UTMM samples is small in comparison to the variation 











Figure 3-1. Mean attenuation versus frequency measured with the Vevo 770® and 




Figure 3-2. Mean attenuation versus frequency measured with the Vevo 770® and 
the SAM system of 11 UTMMs at 0 month, 6 month and at 12 month time-point using 
7 transducers. 
 
Figure 3-3 and Figure 3-4 shows the mean attenuation data over the frequency range 
4.5 – 50 MHz, averaged over all 11 FTMMs and over all 11 UTMMs and time points, 
respectively.  
 









































































Figure 3-3. Attenuation data as a function of frequency averaged over all time points 
(data set: 11 FTMM samples measured in degassed deionised water by the Vevo 
770® and SAM system in the frequency range 4.5 – 50MHz). 
 
 
Figure 3-4. Attenuation data as a function of frequency averaged over all time points 
(data set: 11 UTMM samples measured in TMM preserving fluid by the Vevo 770® 
and SAM system in the frequency range 4.5 – 50MHz). 
 
Polynomial functions were calculated for the attenuation as a function of frequency 
at each time point for the FTMM and UTMM samples (Table 3-5). The best fit 
polynomial function was determined over all the attenuation versus frequency data 
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in the range 4.5 – 50 MHz as a combination of Vevo 770® and SAM system data over 
all time points. The polynomial fit found for FTMM was 0.4649" +
0.007363"? (R2=0.80) and 0.4897" + 0.008366"? (R2=0.99) for UTMM (Figure 3-5). 
The quality of fit (R2) of the five polynomial fits at each of the five time points for the 
FTMMs ranged between 0.78 – 0.92 whereas for the UTMMs this value ranged 
between of 0.96 – 0.99. In addition, in Figure 3-5, for comparison, the attenuation data 
of the IEC agar TMM from studies already published is included and the attenuation 
from those reference fluids used (degassed deionised water and TMM preserving 
fluid). 
 
 0 months 3 months 6 months 9 months 12 months 
FTMMs 
0.5032"+ 0.0060"? 0.3608"+ 0.0092"? 0.5128"+ 0.0082"? 0.4093"+ 0.0081"? 0.3788"+ 0.0079"? 
UTMMs 
0.5072"+ 0.0078"? 0.4891"+ 0.0079"? 0.4643"+ 0.0090"? 0.4615"+ 0.0089"? 0.4976"+ 0.0082"? 
Table 3-5. Polynomial fit-curve ( = !" + #"?) of the attenuation versus frequency 
calculated from 11 FTMMs and 11UTMMs of the mean attenuation measured using 
the Vevo 770® and the SAM system over the frequency range 4.5 – 50MHz. 
 
 
Figure 3-5. Polynomial curve-fit of all the attenuation data as a function of frequency 
and the absolute attenuation of TMM in 2 – 10MHz (IEC., 2001), 17 – 23MHz (Brewin 
et al., 2008), 2.25 – 15MHz (Browne et al., 2003), 6 – 15MHz (Inglis et al., 2006), 10 
– 47MHz (C. Sun et al., 2012) and 1 – 60MHz (Rajagopal et al., 2014). Also, the 
attenuation as a function of frequency for the TMM preserving fluid and degassed 
deionised water is shown. 
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 Batch to batch variation of the UTMMs 
The batch to batch variation of TMM was assessed by the UTMM2 samples (2.01 ± 
0.05 mm thickness). These samples were measured with both the Vevo 770® and the 
SAM system at 6 and 12 month time points. The mean SoS of UTMM2s was found to 
be 0.44% higher (7.4 ms-1) than the mean SoS of the 11 UTMMs. For the attenuation, 
the second degree polynomial fit calculated for the UTMM2s was 0.5221" +
0.007326"? (R2=0.99). Figure 3-6 shows the second degree polynomial fit found for 
UTMM and UTMM2 samples. The maximum difference was found to be of ± 0.63 dB 
cm-1 in mean attenuation across the frequency range. 
 
 
Figure 3-6. Comparison of the polynomial fit calculated from the mean attenuation 
data as a function of frequency averaged over all time points from the 6 UTMM2 
versus the attenuation from the 11 UTMM samples. 
 
3.4.3 Acoustics measurements from unpreserved samples 
and repeatability of the UTMMs  
For the unpreserved samples, after 96 hours of exposure to air, the samples were 
visibly dehydrated (Figure 3-7). The mean thickness of the two samples had 
decreased by 1.22 mm and the diameter was decreased by 1.5 cm. Moreover, the SoS 
was shown to increase by 140 ms-1 for sample 1 and 180 ms-1 for sample 2 over the 
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total period of time. The attenuation was found to increase by approximately 10 dB 










Figure 3-7. Show the two unpreserved samples UTMMs at A) first time measurement, 
B) 24hrs later, C) 72hrs later and D) 96hrs later. The samples were left open to air 
between measurements.  
 
Figure 3-8. Attenuation versus frequency of the unpreserved TMM samples using the 
RMV704 with the Vevo 770®. The polynomial fit calculated from the 11 UTMMs was 
added for reference purposes. 
In the assessment of repeatability, the mean SoS over the five measurements taken 
from the 11 UTMMs was calculated to be 1543.0 ms-1 with a range in SoS of ± 11.0    
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ms-1. The mean SoS was found to be smaller by 1 ms-1 when compared to the mean 
SoS calculated using all the transducers at all time points (Table 3-4) of the UTMMs. 
The variation in attenuation as a function of frequency was ±1 dB cm-1 over the 
frequency range of the Vevo770® RMV710B probe (Figure 3-9). 
 
 
Figure 3-9. Attenuation versus frequency of the 11 UTMMs measured with the RMV 
710B to assess the repeatability of the measurement and the preservation technique. 
 
3.5 DISCUSSION 
This chapter describes the development of a robust and easy-to-use technique for the 
characterisation and preservation of the IEC agar-TMM. The results obtained were 
compared with the standard technique over a period of one year. This is the first time 
TMM samples have been studied using a reference fluid other than degassed 
deionised water and over a wide range of ultrasound frequencies (4.5 – 50 MHz).  
3.5.1 Uncertainties and sources of error 
This section discusses the different sources of error that could affect the measurement 
of the thickness, the SoS, and the attenuation from the FTMM and UTMM samples. 
The justification for the use of a water test cell for the acoustic characterisation of the 
FTMMs was explained earlier in Section 2.5.1.2. A variation in the thickness of the 
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sample would affect both the SoS and the attenuation of the sample (Equation 2-3, 
Equation 2-4 and Equation 2-5) when using the Vevo 770® ultrasound scanner and 
the SAM system (Equation 2-13).  
 Thickness of the FTMM and UTMM samples 
The sample thickness values used in the calculation of SoS with the SAM system were 
the mean thickness calculated using the Vevo 770® scanner. Thickness values were 
measured from eight different locations on the UTMMs (10 lines at each point) and 
averaged. Ultrasound thickness of UTMM samples were also compared to 
micrometre measurements. Although mean thickness values were used, the SD of the 
SoS values from the SAM system were smaller than the SoS SD variation calculated 
using the Vevo 770® (Table 3-4) which would suggest that the use of this mean 
thickness value in the SAM system measurements did not contribute significantly to 
the experimental error.  
 Temperature  
The acoustic properties of the UTMM samples were measured in TMM preserving 
fluid whose acoustical properties were assessed by the NPL at a temperature of 19.3 
± 0.1°C, whereas the UTMMs in this study were measured at 22.2 ± 0.5°C. The TMM 
preserving fluid is composed of the same fluids as used in the TMM manufacturing 
process and Brewin et al (2008) has previously shown a TMM SoS temperature 
dependence of 2.1 ms-1 °C-1. Consequently, there is likely to be a variation of 6 ms-1 in 
the SoS of the TMM preserving fluid due to the temperature difference. Such a change 
would result in a potential error of less than 7ms-1 in the measured SoS of the UTMM 
samples. Nevertheless, the SoS values of the UTMM were found to be in good 
agreement with Rajagopal et al., (2014); Sun et al., (2012) and Brewin et al., (2008). 
Furthermore, the SoS of the UTMMs was found to decrease by 4.1 ms-1 over a 12 
month period compared with FTMMs which showed a decrease in the mean SoS of 
22.1ms-1 over the same period of time. Additionally, the standard deviation of the 
mean SoS values for FTMM samples was larger than that for UTMM samples at all 
time-points. This increased variation in SoS values for the FTMMs in comparison to 
UTMMs may be attributed to a number of reasons. Firstly, although a visual 
inspection was performed on each of the FTMMs before each acoustic measurement 
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and no evidence of leakage was observed, nevertheless, in several of the samples, the 
epoxy securing the film to the rings showed signs of ageing as the Saran Wrap® film 
appeared to become less taut over the 1 year period. This could have potentially have 
allowed glycerol from the TMM to leach into the water medium resulting in a 
decrease in the measured SoS properties of the FTMM. However, although a decrease 
in SoS in FTMMs was measured between 0 and 12 months, this did not decrease 
continuously over the 1-year period which would suggest that the measured 
variation is not likely to be attributable to glycerol leakage. Secondly, for the FTMMs, 
the position of the water-film interfaces was selected using Matlab code based on the 
identification of the position of the maximum rectified RF signal and it was assumed 
that this signal also marked the TMM interface. Although this is a reasonable 
assumption, if any of the FTMM samples were subject to shrinkage (by drying out) 
over the 1-year period, this would represent a potential source of error. 
 Speed of sound in FTMM and UTMM samples 
The SoS results of both FTMM and UTMM samples in this study were compared with 
previously published work (Table 3-4).  It can be seen that the UTMM mean SoS 
values are in agreement with those in the literature, whereas the mean SoS of FTMM  
was found to be 11.3 ms-1 less when compared with Rajagopal et al., (2014) and up to 
14.5 ms-1 less when compared with Sun et al., (2012). In Rajagopal et al., (2014) the 
manufacture of FTMM was achieved by sandwiching the TMM slice between 2 sheets 
of Mylar® (~12µm thickness) affixed into Perspex frames, whereas in Sun et al., (2012) 
the manufacture process of the FTMMs was similar to the method used in this study 
(referred to as TMM test cells in that study). However, in Rajagopal even though the 
acoustic measurement was completed relatively quickly (within seconds) the edges 
of the TMM were not covered, which is likely to have led to some undefined glycerol 
leakage and potentially affect the measured acoustical properties. Furthermore, in 
Brewin et al., (2008) the acoustical properties of 2 different batches of TMM were 
measured over a 3 year period with a thickness range from 3 mm to 12.7 mm. In 
Brewin, the first batch consisted of TMM samples which were not protected by a film 
and were measured in double degassed, deionized water. The SoS was found to 
decrease by 2.1 ms-1 °C-1 as a result of glycerol leaching from the samples in this batch. 
The second batch consisted of TMM samples protected by Saran Wrap® and was also 
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measured in water. Using this method, thinner samples (3mm) displayed the largest 
SoS variation of 13.4 ms-1. This value is comparable to the SD found in this study for 
the FTMM samples (Table 3-4) but considerably higher than that measured for the 
UTMMs. 
 Attenuation in FTMM and UTMM samples 
Figure 3-1 and Figure 3-2 show the attenuation of FTMM and UTMM samples 
respectively, at 0, 6 and 12 month time points. It can be observed that there is a much 
larger variation in the attenuation measurements obtained from the FTMM compared 
to the UTMM. At both the lower (4.5 – 9MHz) and the higher (40 – 50MHz) frequency 
ranges, the data displayed is obtained from a single transducer. Nevertheless, the 
attenuation versus frequency for the FTMM samples would suggest that with 
increasing frequency there is an increasing difference in measured mean attenuation 
values between the 6 month data and 0 and 12 month data. The maximum difference, 
7 dB cm-1,  ocurring over the frequency range from 30 – 42 MHz and a minimum 
difference at 15 – 19 MHz. For the UTMM samples, a maximum variation of 2        dB 
cm-1 was observed across the time points, at a frequency of 47 MHz and a minimum 
variation from 37 to 47 MHz.  
The difference in mean attenuation values between the UTMM and FTMM samples 
would suggest that, despite compensation for the effects of the Saran Wrap®, some 
additional acoustic effects are introduced which are not fully compensated for using 
the Saran-wrapped reference water test-cell. Furthermore, as discussed in Sun, (2012), 
the reflection of the Saran Wrap® in the FTMM samples contributes to the uncertainty 
in the attenuation measurements. Additionally, these effects are unlikely to be due to 
the difference in non-linear effects between water and TMM preserving fluid as it has 
previously been shown (Sun, 2012) that even in water, at these output powers, the 
second harmonic component of the ultrasound beam is at least 30 dB smaller in 
magnitude than the first harmonic (fundamental). Since non-linear effects are easier 
to generate in water than in the TMM preserving fluid, it is unlikely that 
nonlinearities are significantly greater than the experimental errors identified.  
Figure 3-3 and Figure 3-4 show the mean attenuation of the 11 FTMMs and the 11 
UTMMs across the 7 different transducers and measured 5 times during the time 
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period of 1 year. The FTMM samples (Figure 3-3) showed larger variability (~15dB 
cm-1) across samples and transducers. This may be due to inadequate acoustical 
correction for the interface layers when using the reference water test cell, leading to 
increased uncertainty in the attenuation measurements in addition to the factors 
previously described. The UTMM samples (Figure 3-4) showed good consistency and 
little variability in the attenuation over the frequency range of 4.5 – 50 MHz. 
Polynomial fits from FTMM and UTMMs were in good agreement with previous 
studies in the frequency range of 17 – 23 MHz (Brewin et al., 2008), 10 – 47 MHz (Sun 
et al., 2012) and 1 – 60 MHz (Rajagopal et al., 2014). The polynomial fits were also in 
good agreement at lower frequencies 4.5 to 10 MHz as reported by IEC (IEC, 2001) 
and in other studies (Browne et al., 2003; Inglis et al., 2006) as can be seen in Figure 
3-5. The attenuation of the FTMM and UTMM samples does not increase linearly with 
frequency as shown by the quadratic terms of the polynomial fit. This quadratic term 
was found to be 0.0073 for FTMM and 0.0083 for UTMM which is in good agreement 
with 0.0076 reported by Sun et al., (2012) and with 0.0081 reported by Rajagopal et al., 
(2014). 
 Unpreserved samples  
Finally, the unpreserved samples displayed significant visual degradation and 
changes in SoS and attenuation values over the 96 hours (Figure 3-7). These results 
are consistent with those of Brewin et al., (2008) who also reported shrinking and 
hardening of TMM samples which were not preserved. Furthermore, the thickness 













Figure 3-10. SoS (ms-1) versus thickness (mm) of each un-preserved sample at each 
measurement point using the RMV704 probe with the Vevo 770®. 
 
 Batch-to-batch variations 
The mean SoS difference between the 11 UTMM and the 6 UTMM2 samples was 
found to be 0.44% higher for the UTMM2 samples. The difference in the attenuation 
coefficient between the UTMM and the UTMM2 was found to be ±0.63 dB cm-1 (Figure 
3-6). This indicated that the acoustical properties of the IEC agar-TMM samples, when 
manufactured from different batch, did have markedly different SoS or attenuation 
properties. These results confirmed that the technique developed in this PhD is a 
robust technique for measurement of the acoustic properties of TMM over periods up 
to 1 year.  
3.5.2 IEC agar-TMM modification towards a new TMM 
matching the properties of soft tissue 
The IEC agar-TMM samples measured in TMM preserving fluid showed good 
longitudinal stability and characteristics consistent with published studies at low 
frequency. However, increasing use of high frequency scanners, both clinical and 
preclinical, means that there is a need for a TMM, for which the acoustic properties 
are well defined at higher frequencies. Consequently, further research is required into 
the magnitude of SoS and attenuation values of the individual constituent ingredients 
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of the IEC agar-TMM. Additionally, there is a requirement for soft tissue acoustic data 
at high frequencies so that the individual constituent ingredients of the IEC agar-
TMM can be adjusted to match these values.  
3.6 CONCLUSIONS 
In this study, two different measurement techniques were used to evaluate the 
temporal stability of the acoustic properties of the IEC agar TMM over the frequency 
range 4.5 – 50 MHz. In the first technique, thin slices were wrapped and stored in 
Saran Wrap® and assessed in degassed, deionised water. In the second technique, 
thin slices of TMM were stored and measured in TMM preserving fluid. 
Measurements were undertaken over a period of 1 year. The measured SoS of an IEC 
agar-TMM by the Vevo 770® and SAM system was found to be 1538.2 ± 14.5 ms-1 for 
the FTMM samples and 1544.0 ± 3.5 ms-1 for the UTMM samples. For FTMM the SoS 
values were 14.5 ms-1 lower when compared with those in the literature. The acoustic 
properties of UTMMs (SoS and attenuation values) were found to be in good 
agreement with results in earlier studies by Brewin et al., (2008) over the range of 17 
– 23 MHz, Sun et al., (2012) over the range of 10 – 47 MHz and Rajagopal et al., (2014) 
over the range of 1 – 60 MHz. The results for both FTMM and UTMM samples were 
consistent at low frequencies (Browne et al., 2003; Inglis et al., 2006) and within the 
range provided by the IEC (IEC, 2001). The attenuation coefficient was shown to be 
nonlinear as a function of frequency. The attenuation was found to increase as 
0.4649" + 0.007363"?  for FTMMs and as 0.4897" + 0.008366"? for UTMM. The 
quadratic term was also found to be in good agreement with previous studies.  
Finally, this study has demonstrated that using un-covered TMM slices (UTMM), 
results in approximately 4 times smaller SD values for the SoS and up to 5 times 
smaller variation for the attenuation compared to FTMMs. These UTMMs samples 
were maintained and measured in TMM preserving fluid. These better acoustic 
stability values were compared with the common method of film-wrapped TMM 
samples (FTMM) measured in degassed, deionised water. This suggests that, despite 
compensation through calculation of the attenuation effects of the Saran Wrap®, 
additional acoustic effects are introduced which are not fully compensated using the 
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standard technique of enclosing TMM samples in thin films. Moreover, this study has 
also brought into question the acoustic stability of encasing gel TMM QA phantoms 
in a sealed film-dry environment. 





ACOUSTIC CONTRIBUTION OF TMM INDIVIDUAL COMPONENTS 
TO OVERALL ACOUSTIC PROPERTIES OF IEC-AGAR TMM 
4.1 AIM OF CHAPTER 
To develop a new TMM that closely matches the acoustical properties of soft tissue at 
higher ultrasound frequencies, it is necessary to study the contribution of the 
individual components to the overall acoustic properties of the TMM. Following the 
longitudinal acoustic assessment of IEC agar-TMM using two measurement 
techniques (Chapter 3) this chapter investigates whether the overall attenuation of 
IEC agar-TMM is the linear sum of the attenuation of its individual components. This 
chapter present the measurements of the acoustical properties of individual 
components of IEC agar-TMM over the frequency range from 12 – 50 MHz. Studying 
the acoustic properties of the individual components will help to understand how the 
IEC agar-TMM recipe might be modified in order to match the acoustic properties of 
soft tissue at high frequencies (Chapter 5). 
4.2 INTRODUCTION 
As mentioned in Section 1.3.2, the International Electrotechnical Commission (IEC, 
2001) define the acoustic parameters for TMMs up to 10 MHz (SoS 1540 ± 15 ms-1 and 
attenuation coefficient 0.5 ± 0.05 dB cm-1). The IEC agar- based TMM has become 
widely used and has been studied for clinical and preclinical applications up to 60 
MHz, as discussed in Chapter 3. In this PhD the IEC agar-TMM has been chosen as 
the basis for developing a new TMM to match the acoustic properties of soft tissues 
at high frequencies.  
In order to manufacture a TMM that closely matches the acoustic properties of soft 
tissue at high frequency the acoustic properties of the individual component 
ingredients of the IEC agar-TMM need to be measured. This will help to determine if 
4.3 Methodology   98 
 
 
it is possible to modify the existing IEC agar-TMM recipe in order to match 
attenuation properties of the TMM to those of mouse soft tissue at high ultrasonic 
frequencies. The main ingredients of IEC agar-TMM are shown in Table 2-3.  
The acoustic properties of agar-based materials has previously been studied up to 14 
MHz as a function of agar concentrations up to 6.6% in weight (Gettings et al., 1977; 
Madsen et al., 2005; Manickam et al., 2014a, 2014b; Ross et al., 2006; Zell et al., 2007). 
As can be seen from Table 2-3 the agar component in the IEC agar-TMM is 3% of the 
total weight (Teirlinck et al., 1998).  
The SoS of the IEC agar-TMM is controlled by adjusting the ratio of water to glycerol 
(Brewin et al., 2008; Madsen et al., 2005; Moran et al., 2009; Rajagopal et al., 2014). The 
SoS increases by 4.4 ms-1 per 1% by weight of glycerol concentration while also 
increasing the attenuation coefficient by 0.02 dB cm-1 MHz-1 of the IEC agar-TMM 
(Madsen et al., 2005).  
The attenuation of IEC agar-TMM has been shown to increase with increasing 
frequency above 10 MHz (Brewin et al., 2008; Rabell-Montiel et al., 2016, 2017; 
Rajagopal et al., 2014; Sun et al., 2011, 2012). Furthermore, it is known that the 
attenuation coefficient and the backscatter of the IEC agar-TMM depend on the 
percentage concentrations of the aluminium oxide (Al2O3) and the silicon carbide 
(SiC) (Cannon et al., 2011; Inglis et al., 2006).  
The acoustic properties of the individual ingredients composition at high frequencies 
of the IEC agar-TMM have not been studied previously.  
4.3 METHODOLOGY 
RF data were acquired using each of the 4 transducers of the Vevo 770® scanner 
(Section 2.2) covering the frequency range 12 to 50 MHz. 
4.3.1 Manufacture of samples 
The manufacture of agar-based samples has previously being explained in Section 
2.4.1.2. All the samples described in this chapter were stored in TMM preserving fluid 
similar to the UTMM samples as described in Chapter 3. 
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Bcontrol Control (IEC agar-
TMM) 
ü  ü  ü  ü  
BSiC SiC ü  ü    
BVWR Agar (VWR 
International) 
ü     
BMerck Agar (Merck 
Chemicals) 
ü     
BSiC+0.3 
Al2O3 
SiC + 0.3µm Al2O3 ü  ü  ü   
BSiC+3 
Al2O3 
SiC + 3 µm Al2O3 ü  ü   ü  
BAl2O3  0.3µm Al2O3+ 3µm 
Al2O3 
ü   ü  ü  
B0.3 Al2O3 0.3µm Al2O3 ü   ü   
B3 Al2O3 3µm Al2O3 ü    ü  
Table 2-4. The component ingredients included in each of the TMM batches 
manufactured. SiC = silicon carbide and Al2O3 = aluminium oxide. 
 
4.3.2 Experimental set-up and acquisition of acoustic data 
For each combination of ingredients, a batch of ten samples was manufactured giving 
a total of eighty samples to be assessed. The acoustic properties were measured in a 
reservoir filled with TMM preserving fluid at room temperature using the same 
method as for UTMM samples described in Chapter 3. The schematic diagram of the 
experimental set-up used with the Vevo 770® scanner is shown in Figure 2-8. 
4.3.3 Acoustic analysis of the batches 
A broadband reflection substitution technique (AIUM, 2014) was employed to 
calculate the SoS, the thickness and the attenuation coefficient of the different agar-
TMM batches, details of the analysis method can be found in Section 2.5.1.1.  
4.3.4 Acoustic difference in agar suppliers 
During the course of this study, the agar supplier changed from Merck Chemicals 
(Merck Chemicals Ltd, Nottingham, UK) to VWR (VWR International Ltd, Dublin, 
Ireland). The acoustic properties of the two agars were measured in order to 
4.4 Results   100 
 
 
determine if they have any acoustic differences. The agar-based material samples 
were manufactured using the VWR agar, whereas the UTMMs in Chapter 3 were 
manufactured using Merck agar. If there is any difference in the acoustic properties 
between agar suppliers these then might be acoustically different between the 
UTMMs (Chapter 3) and Bcontrol.  
In order to measure the experimental error value in this study an extra batch of ten 
agar-based samples were manufactured from VWR agar and from a different agar 
supplier Merck Chemicals (Merck Chemicals Ltd, Nottingham, UK). The acoustic 
properties from these batches were measured in a similar manner to the other sample 
batches. The agar batches was named BVWR and BVWR2 for VWR agar and BMerck for the 
Merck agar.  
The acoustic properties were measured using 4 transducers with the preclinical 
ultrasound Vevo 770® scanner. The acoustic analysis was carried out in a similar way 
to that for the agar-TMM samples. 
4.4 RESULTS 
4.4.1 Speed of sound of the agar-TMM samples 
Table 4-1 shows the mean SoS of all agar-based material batches (Table 2-4). It can be 
seen that the largest difference in SoS was 13.7 ms-1 between BSiC and BVWR. BMerck 
having the largest SD variation of 12.5 ms-1. The mean SoS value measured from all 
the samples was 1538.8 ± 5.1 ms-1.  
 
Batch Bcontrol BSiC BVWR BMerck BSiC+0.3 Al2O3 












Batch BSiC+3 Al2O3 BAl2O3 B0.3 Al2O3 B3 Al2O3 
SoS (ms-1 ± 
SD) 
1542.0 ± 3.8 1536.7 ± 8.7 1537.2 ± 6.0 1546.8 ± 4.5 
Table 4-1. The mean and the SD of the SoS (ms-1) measured with the Vevo 770® 
across all the agar-TMM batches. 
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4.4.2 Attenuation as a function of frequency for the different 
batches 
Figure 4-1 shows the attenuation measured from each of the different batches with 
varying constituents over the frequency range of 12 – 50 MHz. The attenuation values 
for each batch, shown in Figure 4-1, were averaged across 1 MHz intervals based on 
the frequency bandwidth of the four transducers used. From Table 2-7, the 3 dB 
bandwidth of the four high frequency probes overlapped over the frequency range 
from 12 – 28 MHz. From 28 – 40 MHz the attenuation values corresponds to the 
RMV704, RMV707B, and RMV711 probes. The attenuation shown from 40 – 50 MHz 
correspond only to the RMV711 transducer. The SD shown in Figure 4-1 was 
calculated from the attenuation values measured in 1 MHz interval over the 
frequency range. For clarity of data visualisation, the rest of the figures in this chapter 
do not include the SD.  
 
 
Figure 4-1.  Mean attenuation data as a function of frequency averaged over the three 
measurements. Each batch description can be found in Table 2-3. The SD shown has 
been calculated across frequency from the overlap 3 dB bandwidth of the 4 
transducers used with the Vevo 770® ultrasound scanner.  
 
It can be seen that the attenuation increases with increasing frequency for all of the 
different agar-based material batches (Figure 4-1).The attenuation from the agar-
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TMM batches composed of 0.3 µm + 3 µm particles of Al2O3 (BAl2O3) overlapped with 
the IEC agar-TMM attenuation (Bcontrol) between 12 – 25 MHz. The attenuation of the 
agar-based material batches comprising SiC + 3µ Al2O3, 0.3µ Al2O3 and 3µ Al2O3 (BSiC+3 
Al2O3, B0.3 Al2O3 and B3 Al2O3, respectively) overlapped at low frequencies (12 – 18 MHz). 
The attenuation of the BSiC+3 Al2O3 and B0.3 Al2O3 showed a similar attenuation coefficient 
from 12 – 40 MHz, but at 50 MHz the difference had increased by 2.6 dB cm-1. The 
attenuation from the SiC batch samples, and that from the two agar supplier (BSiC, 
BVWR and BMerck respectively) overlapped in the frequency range of 12 – 23 MHz. The 
attenuation from BSiC coincided with the attenuation from B3 Al2O3 at higher frequencies 
(43 – 50 MHz). 
Not surprisingly, the biggest difference in attenuation was 24.1 dB cm-1 between the 
attenuation of Bcontrol and the attenuation of BMerck at 50 MHz. Also, at higher 
frequencies, the attenuation from BSiC+0.3 Al2O3 overlapped with the attenuation of BAl2O3, 
and BSiC attenuation overlapped with the attenuation of B3 Al2O3. 
The attenuation of the agar BVWR samples was subtracted from the attenuation values 
of BSiC, B0.3 Al2O3 and B3 Al2O3 (Figure 3) to yield the attenuation values of SiC, 0.3µm Al2O3 
and 3µm Al2O3 respectively. These comprise the main ingredients of the IEC agar-
TMM. The subtraction of the agar attenuation enabled the calculation of the 
attenuation value of each of the main IEC agar-TMM constituent components and 
allows direct comparison of their attenuation over frequency. 
In Figure 4-2 the attenuation of BSiC-VWR, BVWR, and B3 Al2O3-VWR, overlapped at low 
frequencies (12 – 16 MHz) whereas the attenuation from BSiC-VWR and B0.3 Al2O3-VWR 
overlapped at higher frequencies (44 – 50 MHz). 
The attenuation values from each of the individual constituent components of the IEC 
agar-TMM (BSiC-VWR, BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR) were added together. This data 
is showed in Figure 4-2. The addition of the attenuation from these batches enabled a 
comparison between the attenuation of IEC agar-TMM (Bcontrol) and its individual 
components.  
The attenuation calculated from the addition of the individual components (BSiC-VWR, 
BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR) was found to be higher by +1.28 dB cm-1, across the 
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frequency bandwidth of 12 – 50 MHz when compared with the attenuation of the 
control samples (Bcontrol).  
 
 
Figure 4-2. Attenuation data as a function of frequency of the linear sum of the 
attenuation values from BSiC-VWR, BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR in comparison with 
the attenuation measured from Bcontrol. 
 
4.4.3 Difference in acoustic properties between agar suppliers 
As shown in Table 4-1., it can be seen that the SoS varied by 12 ms-1 between the BVWR 
and the BMerck. The SD for BMerck was 10.7 ms-1 higher than the SD of BVWR. The SD for 
BMerck was 10.7 ms-1 higher than the SD of BVWR. This difference may indicate that the 
variation in the acoustic properties between the UTMMs in Chapter 3 are due to the 
TMM being made with Merck agar.  
Figure 4-1 shows the attenuation of BVWR and BMerck. Comparing the attenuation from 
BVWR and BMerck it can be seen that, at 50 MHz the difference was up to 2.2 dB cm-1 
whereas at 12 MHz the difference was 0.13 dB cm-1. 
The SoS of BVWR2 was found to be 1543.9 ± 6.0 ms-1. The SoS difference between the 
BVWR and BVWR2 was 1.4 ms-1.  
Figure 4-3 shows the attenuation versus frequency of the BVWR, BMerck, and BVWR2. It can 
be seen that the attenuation of the BVWR2 falls between the attenuation of BVWR and 
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BMerck. At 50 MHz the attenuation difference of BVWR2 was found to be -0.64 dB cm-1 
when compared with the attenuation of BVWR, was higher by 1.34 dB cm-1 compared 
with the attenuation of BMerck. 
 
 
Figure 4-3. Mean attenuation versus frequency of the different agar suppliers (BVWR, 
BMERCK and BVWR2). 
 
4.5 DISCUSSION 
This chapter describes the results of acoustic measurements performed on the IEC 
agar-TMM individual composition ingredients. The aim of this study was to 
investigate the acoustic properties of 8 different agar-based materials (Table 2-4). The 
acoustic properties of two different agar suppliers (Merk agar and VWR Chemicals 
agar) were also measured.  
4.5.1 Speed of sound in agar-TMM sample batches 
The mean SoS of all the agar-based material samples was found to be 5.2 ms-1 less 
than the reported SoS for UTMMs (Rabell Montiel et al., 2017), where a similar 
technique to measure the acoustical properties using TMM preservation fluid was 
employed. The difference in the SoS values between the ingredient combination agar-
TMM component samples and the UTMMs (IEC agar-TMM) indicates the SoS 
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dependence on the composition ingredients of the IEC agar-TMM. The SoS measured 
from Bcontrol was found to be 7.5 ms-1 smaller than that for the UTMM samples 
measured in Chapter 3 (Table 4-1.1 and Table 3-4, respectively). Both samples of Batch 
1 and the UTMMs (Chapter 3) were manufactured using the IEC agar-TMM recipe. 
Nevertheless, the difference in SoS of 7.5 ms-1 was within the expected SoS range due 
to batch-to-batch variation, as discussed in Section 3.4.2.1. The SD value from Bcontrol 
is smaller than the SD value measured from the UTMM samples in Table 3-2 found 
using the Vevo 770®.  
Also when comparing the SoS from BMerck and the UTMM samples from Chapter 3, 
both manufactured with Merck agar, it can be seen that the SoS in BMerck decreased by 
10.8 ms-1. The SD in BMerck was twice as big as the SD reported for the UTMM samples. 
This could be due to aging of the Merck agar as there was a difference in age of 1.5 
between the two batches of chemicals.  
It is known that the SoS in the IEC agar-TMM is largely controlled by the portion of 
glycerol content (Table 2-3) (Brewin et al., 2008; Madsen et al., 2005; Moran et al., 2009; 
Rajagopal et al., 2014). Moreover, it is interesting to note that all the SoS values from 
each of the agar-TMM samples fall within the IEC recommended range for the SoS 
values. This was expected as the glycerol concentration was not modified in the 
manufacturing process of any of the agar-based material batches. 
4.5.2 Attenuation of agar-TMM sample batches 
 Subtraction of the agar attenuation 
Comparing Figure 4-1 and Figure 4-2 it can be seen that the attenuation from BSiC, B0.3 
Al2O3 and B3 Al2O3 decreased after the subtraction of the attenuation values measured 
from BVWR. The attenuation shown for BSiC-VWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR do not 
increase with increasing frequency as fast as shown in Figure 4-1. The difference in 
the attenuation after the subtraction of the agar attenuation suggests that the agar 
does contribute to the attenuation, affecting the absorption in the overall attenuation 
of the IEC agar-TMM. 
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 Building up the IEC-agar TMM attenuation 
The summation of the attenuation of the individual IEC-agar TMM component 
ingredients (BSiC-VWR, BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR) was compared with the 
attenuation measured of Bcontrol. Both attenuation curves were in good agreement 
across the full experimental spectral range as shown in (Figure 4-2).  
Figure 4-4 show the attenuation of Bcontrol, the summation of the attenuation (BSiC-VWR, 
BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR) and the attenuation calculated of the IEC agar-TMM 
(UTMM) in Chapter 3. The attenuation of Bcontrol was shown to be in good agreement 
with the IEC agar-TMM attenuation (Rabell Montiel et al., 2017) as expected. The 
summation of the attenuation values of BSiC-VWR, BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR 
showed a 1.8 dB cm-1 higher value when compared with the attenuation of the IEC 
agar-TMM over the frequency range of 12 – 50 MHz. This difference falls within 1 SD 
reported of 2 dB cm-1 for the IEC agar-TMM (Rabell-Montiel et al., 2017). Moreover, 
the difference in these two attenuation values could also be an indication of the error 
in the acoustic measurement of the agar (BVWR). Since the agar is the base ingredient 
in all the agar-TMM batches, the measurement of the attenuation of BVWR would have 
increased the influence on the summation of the attenuation (BSiC-VWR, BVWR, B0.3 Al2O3-
VWR and B3 Al2O3-VWR) procedure.  
 
Figure 4-4. Attenuation versus frequency of Bcontrol, build-up attenuation from the IEC-
agar TMM component ingredients (BSiC-VWR, BVWR, B0.3 Al2O3-VWR and B3 Al2O3-VWR) in 
comparison with the IEC agar-TMM attenuation (Rabell Montiel et al., 2017).  













































Rabell-Montiel et al., 2017
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 Acoustical properties between two agar suppliers 
The acoustic properties between BVWR, BVWR2 and BMerck were found to fall within the 1 
SD attenuation expected for the overall IEC agar-TMM (Rabell-Montiel et al., 2016, 
2017).  
The attenuation difference between the summation attenuation of BSiC-VWR, BVWR, B0.3 
Al2O3-VWR and B3 Al2O3-VWR and the IEC agar-TMM (1.84 dB cm-1, Figure 4-2) can be 
accounted for by the variability in the agar attenuation (BVWR, BVWR2 and BMerck).  
4.6 CONCLUSIONS 
In this study, the acoustic properties of IEC agar-TMM ingredient components were 
evaluated over the frequency range 12 – 50 MHz. The percentages of water, glycerol 
and benzalkonium chloride as specified in the original recipe were not modified. 
The mean SoS across all the different agar-TMM batches was found to be 1538.8 ± 5.1 
ms-1. The SoS was found to be in good agreement with those studies published of IEC 
agar-TMM acoustics (Brewin et al., 2008; Browne et al., 2003; Rabell Montiel et al., 
2017b; Rajagopal et al., 2014; C. Sun et al., 2012) and falls within the IEC recommended 
guideline (IEC, 2001). 
The attenuation value of the agar was subtracted from each of the agar-based material 
batches enabling the calculation of the attenuation value for each of the IEC agar-
TMM constituent components. By adding together the attenuation values from each 
of the individual constituent ingredients, the attenuation of the IEC-agar TMM was 
reproduced. The SD between the summation of the attenuation values and the IEC 
agar-TMM (UTMM) was within the expected SD value when using the same 
measurement technique as described for previous measurements (Chapter 3). 
The difference in the acoustic properties of agar obtained from two different 
manufacturers was found to fall within the expected 1 SD value calculated from the 
measurements performed in Chapter 3.  
Finally, this information forms a valuable source for the future development of TMMs 
with acoustic properties similar to that of soft tissue at high frequencies. 









THE ACOUSTIC PROPERTIES OF SMALL ANIMAL SOFT 
TISSUE OVER THE FREQUENCY RANGE 12 – 32 MHZ 
5.1 AIM OF CHAPTER 
The acoustic properties of tissue mimicking materials aim to mimic those of soft 
tissue. This chapter examines the acoustical properties of small animal soft tissue over 
the frequency range 12 – 32 MHz using the Vevo 770® scanner. The organs of interest 
were mouse brain, liver, and kidney. The mean values of the measured SoS and 
attenuation were compared with studies published previously up to 9 MHz (Section 
1.4.2 and Table 1-4) and with SoS and attenuation of IEC-agar TMM described in 
Chapter 3. The intention is to use the acoustic properties of small animal soft tissue 
as a basis for development of a new TMM. This new TMM would be incorporated 
into test phantoms suited to measuring the performance of preclinical ultrasound 
scanners and high frequency clinical scanners. The results from this chapter have 
been published as Rabell-Montiel et al., (2018) (Appendix 1), and the acoustic 
properties of brain, liver, and kidney at the baseline were published as Rabell-Montiel 
et al., (2017 b).  
5.2 INTRODUCTION  
The purpose of ultrasonic tissue mimicking materials is to closely mimic the acoustic 
properties of tissue. Currently, the IEC (2001) guideline recommends standard 
acoustic values for soft tissue mimicking material up to 10 MHz. However, with the 
increasing use of high frequency ultrasound imaging applications above 15 MHz 
there is a need to extend the range of the IEC (2001) standard values to include those 
for higher frequencies. Such an extension will ensure that performance test and 
training phantoms can be developed that are relevant to higher frequency 
applications. Furthermore, the development of TMM phantoms, that realistically 
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mimic the properties of small animal soft tissue, will enable a reduction in the use of 
small animals to optimise ultrasound imaging techniques. Also, a realistic assessment 
of the performance of ultrasound scanners will enable future animal studies to be 
powered more accurately. The reduction in the use of small animals is in line with the 
principles embodied within the UK 2012 amendment of the Animal (Scientific 
Procedures) Act 1986.  
The acoustic properties of human and animal soft tissue have previously been 
assessed using different methods and samples, including in vivo and ex vivo tissue. 
Soft tissue acoustic data has been reported from mammals including humans, up to 
9 MHz and small animals up to 15 – 35 MHz, and chickens up to 100 MHz (Table 1-4). 
These measurements were performed either at 22°C and at 37°C using either 
degassed deionised water, saline and Krebs solution, or by embedding a soft tissue 
sample in TMM (Fraser et al., 2006)(see Section 1.4.2).  
This study aims to measure the acoustic properties from ex vivo brain, liver, and 
kidney samples extracted from surplus male mice, measurements are obtained with 
the tissue samples immersed in phosphate-buffer saline (PBS) at 37°C, over the 
frequency range 12 – 32 MHz. These results have potential to be used to inform the 
development of new TMMs suitable for high frequency imaging.  
5.3 MATERIALS AND METHODS 
5.3.1 Soft tissue samples preparation 
Twenty ex vivo non-perfused brains, livers and kidneys (ten left and ten right) from 
fifty mice were analysed for their acoustic properties. Mice were surplus healthy male 
C57BL/6. Details on extraction and preparation of the sample have been described in 
Section 2.4.2.  
The mean age and SD for the animals was 8.5 months (range: 5.4 – 11.6 months) for 
the brains, 6.8 months (range: 2 – 11.7 months) for the livers and 5.2 months (range: 2 
– 8.8 months) for the kidneys. The mean body weight of the mice was 34.4 ± 6 g 
(minimum 22.6 g, maximum 45 g). 
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5.3.2 Experimental set-up using the Vevo 770® ultrasound 
scanner 
The experimental set-up used to acquire acoustic data from small animal soft tissue 
samples was similar to that described in Section 2.5, with the addition of a spacer 
(washer) placed between the TPX reflector and the tissue sample. The washer was 
made of acoustic absorbing material (Aptflex F28, Precision Acoustics, Dorset, UK) 
which was 1 mm thick, 2.5 mm inner diameter and 2.5 cm outer diameter. This was 
attached to the top of the TPX reflector as shown in Figure 5-1. The circular washer 
acted as a tissue holder and ensured there was a space between the soft tissue sample 
and the TPX reflector. The aim of this separation was to allow the echoes from the 
tissue and from the TPX reflector to be individually identified during later analysis. 
To ensure the PBS reached the desired temperature of 37°C, the PBS warmed for an 
hour until it reached thermal equilibrium. The animals were then euthanized and 
organs excised for measurement of the acoustic properties of each sample. 
 
 
Figure 5-1. Lateral view of the experimental set-up using the RMV707B probe from 
the preclinical ultrasound scanner Vevo 770® (Visualsonics, Inc., Canada). The tissue 
holder (spacer) was made from an acoustic absorbing material.  
 
5.3.3 Acquisition and analysis of the acoustic data 
RF data from sixty soft tissue samples were acquired using the Vevo 770® scanner 
equipped with a single-element high frequency probe RMV707B (Section 2.2). The 
RMV707B probe has a centre frequency of 30 MHz, a focal depth of 12.7 mm, a 
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negative peak pressure of 1.05 MPa at 10% output power, and a 3 dB bandwidth from 
12 – 32 MHz (Table 2-1 and Table 2-7).  
The acoustic properties of the soft tissue were measured while immersed in PBS at 
37.2 ± 0.2°C. The TPX reflector was located at 12.7 mm from the probe (focal point) 
(Figure 5-1). Data were analysed as explained in Section 2.5.1.1. After each set of 
measurements, the tissues were disposed of. 
After slicing, the sample was immediately immersed and placed on the tissue holder 
in the PBS tank, ready for acoustic measurements to be performed. As far as possible, 
acoustic measurements were undertaken with each sample in the same orientation. 
Precise thickness measurements were obtained at each measurement site using the 
pulse-echo technique. Three acoustic measurements were acquired for each sample: 
immediately after immersion in PBS (t=0), after 5 minutes (t=5) and after 10 minutes 
(t=10). The PBS reference fluid was changed daily. Up to 3 organ samples were 
assessed on any given day. 
 Development of the tissue holder 
Different methods to achieve robust acoustic measurements of soft tissue were tested. 
These methods included: the design of a tissue holder (spacer), the effect of film 
wrapping the tissue samples, the possibility of gluing the tissue sample to a tissue 
holder for acoustic data collection, and embedding of the tissue sample within a 
TMM. However, these preparation methods proved to be overly time-consuming 
given that our project goal was to assess the acoustic properties of small animal soft 
tissue within minutes of euthanasia, so that the tissue was as fresh as possible.   
In developing a tissue holder, on first approach was to place the recently excised 
sample between two washers made of the acoustic absorbing material. However, the 
upper washer was found to float resulting in misalignment of the samples within the 
inner circles of the two spacers. Later, the washers were pinned in place using of two 
needles (Figure 5-2 A), however,  forcing the pins through the washer-sample-washer 
was found to deform the tissue sample (Figure 5-2 B). Consequently, to reduce the 
force required to insert the pins through the washer-sample-washer combination, 
four holes of the same diameter as the needle were drilled around the inner circle of 
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the washer. This helped reduced the force required to pin the sample between the 
washers. However, several issues were found using this method. First, the upper 
washer tended to float through the pins. Secondly, the sample placed between the 
two washers was misaligned when the upper washer floated away. Thirdly, the 
whole washer-sample-washer method was difficult to locate in the acoustical path 
due to space limitations within the experimental set-up (Figure 5-3). Fourthly, the 
washer-sample-washer method increased the total thickness of the sample beyond 
the focal depth of the transducer. Thus, this technique of placing the sample in 
between two washers was abandoned.  
Finally, the experimental set-up described earlier (Section 5.3.2) was found to provide 
the optimal method of measuring the acoustic properties of soft tissue within minutes 
of euthanasia. The soft tissues did not require extra weight to be provided by the 
washer-sample-washer method as the samples did not float in the reference medium. 
 
 







Figure 5-2. Shows the sample placed in between 2 washers made of the acoustic 
absorber material. A) Lateral view of the tissue placed between 2 washers. B) Shows 
an example of liver tissue being deformed by pressure exerted during the insertion of 









Figure 5-3. Close-up view of the experimental set-up of the transducer and the glass 
box inside the water-filled tank.  
 
 Acoustic properties of the heart  
The heart was originally another organ of interest in addition to the brain, liver, and 
kidney. Few studies have measured the acoustic properties of the heart from 
mammals at 37°C (Bronez et al., 1985; Law et al., 1985). The SoS within the heart 
measured in those limited studies was found to lie between 1566 – 1570 ms-1 and up 
to 1620.2 ± 8.2 ms-1 in normal myocardium (Saijo et al., 1997). Nevertheless, to my 
knowledge, there have been no other studies published measuring the acoustic 
properties of either animal or human heart tissue.  
The mammalian heart consists principally of 4 chambers (2 atriums and 2 ventricles, 
left and right). Given that, if the heart is sliced in the coronal plane, the result would 
be a sample with two cavities, if sliced in the transversal plane, the result would be a 
concave sample or a sample with a cavity in the middle. I found that slicing the heart 
in either the coronal or transverse plane resulted in a tissue sample with insufficient 
tissue for characterisation as used with the other organs. Due to the natural curvature 
of the cardiac tissue a method was required in order to be able to collect the acoustic 
data from as much tissue as possible. Initial attempts include opening the heart from 
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atrium of the heart. The inner wall of the heart was found to be curved due to the 
muscular tissue (endocardium/myocardium). No distinction between the different 
layers of tissue (from pericardium to myocardium) within the heart could be made 
either visually or acoustically when imaged ultrasonically.  
Once open, the heart tissue was held flat (Figure 5-4 A) while preparing the tissue 
sample. However, the heart tissue sample was found to coil back when immersed in 
PBS at 37°C (Figure 5-4 B). It is believed that because the PBS is a physiological fluid, 
it reactivated the cells of the heart, inducing the tissue to curl back to its natural form. 
To prevent this, the heart tissue sample was pinned to a washer made out of an 
acoustic absorber material using needles (Figure 5-4 C). This method of pinning the 
heart is similar to the method used for the samples in Section 5.3.3.1, but had to be 
discarded due to curling and/or shredding of tissue by the pins. Moreover, when 
recovering the heart tissue from the warmed PBS fluid, it was found that the sample 
had increased in stiffness compared to the fresh sample (Figure 5-4 D). The design of 
a special tissue holder for the heart was difficult due to the limited space between the 
glass box and the transducer holder (Figure 5-3).  
 
A  
B                     
C  D                     
Figure 5-4. A) Shows the heart tissue sample before being immersed and B) after 
immersion in PBS at 37°C. C) Shows the heart tissue attached to the circular washer 
tissue holder and pinned using needles (marked with red arrows). D) Shows the heart 
tissue after recovering the sample from the warmed PBS fluid. The sample increased 
in stiffness and curled after immersion in PBS at 37°C.  
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5.3.4 Measurement of the acoustic properties of the PBS 
The acoustic properties of the PBS at 37°C were measured and described in Section 
2.6.2. The SoS of the PBS at 37°C used in this study was calculated as 1527.86 ms-1 
using Equation 2-8. The PBS attenuation used in this study was fitted to a second 
degree polynomial as  dBcm-1 = 0.02076" + 0.002127"?.  
5.3.5 Acoustic measurement of in vivo soft tissue to 
investigate the impact of perfusion on acoustic 
properties 
To assess whether blood affected the acoustic properties of ex vivo soft tissue in this 
study, the acoustic properties of one perfused brain and two perfused livers from 
three mice were acoustically characterised. These three mice were healthy C57BL/6 
male mice. The perfusion technique involved the introduction of a fluid through the 
left ventricle of the heart while it was still pumping. Perfusion was performed by Julie 
McNairn PhD using PBS at room temperature. The acoustic measurement and 
analysis from perfused samples were carried out in a similar manner to the soft tissue 
samples mentioned in Section 5.3.2. Measurements were performed at t=0 and t=5 
minutes. The first measurement was performed after perfusion which took 
approximately 1.3 minutes, plus another 6 minutes to extract, slice and scan the 
perfused sample. After perfusion the tissue samples were visibly pale and had a lack 
of colour when compared with non-perfused samples, as expected.  
5.4 RESULTS 
5.4.1 Speed of sound measurements 
Table 5-1 shows the mean SoS of all samples at t=0 and then at t=5 and t=10 minute 
intervals for brain, liver and kidney tissue. The SD shown is the value calculated 
across all the 20 samples from the same organ. It can be seen that the variation in the 
mean SoS as a function of time were less than 1.5 ms-1 across the soft tissue samples. 
Although the SD of the mean SoS values increased for the brain and the liver samples, 
for the final measurement (approximately 16 minutes after euthanasia), a Student’s t-
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test (paired) suggest any statistically significant difference (p > 0.5) t=0, t=5 or t=10 
between the baseline and subsequent time points. 
 
Organs 
Mean SoS ± SD (ms-1) 
t=0 (6 minutes post euthanasia) t=5 t=10 
Brain 1565.9 ± 9.6 1566.1 ± 9.5 1566.9 ± 11.2 
Liver 1604.4 ± 16.5 1603.8 ± 15.9 1604.7 ± 18.2 
Kidney 1575.3 ± 10.8 1574.8 ± 11.9 1574.1 ± 9.5 
Table 5-1. The SoS and SD (ms-1) measured immediately after excision and mounting 
(6 minutes) then at +5 and +10 minutes. Measurements were made using a Vevo 
770® preclinical ultrasound scanner over the frequency range 12 – 32 MHz. 
 
The mean SoS across all time points from the twenty soft tissue samples of brain, liver, 
and kidney are shown in Table 5-2. The SD is based on the measurements from 
samples for each organ tissue. Table 1-4 shows the SoS of published studies of the 




Organs  Brain Liver Kidney 
SoS ± SD (ms-1) 1566.3 ± 9.9  1604.7 ± 16.8 1574.9 ± 10.8 
Table 5-2. Mean SoS and SD (ms-1) of small animal soft tissue samples, brain, kidney 
and liver measured using the Vevo 770® preclinical ultrasound scanner over the 
frequency range of 12 – 32MHz. 
 
The difference in SoS between the left and right kidney (different dissection planes, 
Figure 2-7 C and Figure 2-7 D) was 0.97 ± 0.69 ms-1.  
 
5.4.2 Attenuation measurements 
Figure 5-5, Figure 5-6 and Figure 5-7 show the mean attenuation versus frequency at 
each time point for brain, liver, and kidney respectively. The SD shown was 
calculated from the mean attenuation data at all time points. A second degree 
polynomial curve was estimated to provide the best fit for mean attenuation versus 
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frequency data and over all time points. The goodness of fit (R2) varied between 0.70 
– 0.85 for small animal soft tissue. The best fit was found to correspond to attenuation 
versus frequency data of brain tissue (R2=0.85) and kidney tissue (R2=0.83). Figure 5-5, 
Figure 5-6 and Figure 5-7 also show the polynomial fit calculated from the data of 
twenty brains, twenty livers, and twenty kidneys, respectively averaged over all time 
points. The polynomial fit was found to be 0.7533" + 0.006477"? (R2=0.85) for brain 
tissue, 0.7252" + 0.01414"?  (R2=0.70) for liver tissue and  0.5771" + 0.006322"? 
(R2=0.83) for kidney tissue over a frequency range of 12 – 32 MHz. 
 
 
Figure 5-5. Attenuation as a function of frequency for brain (20 samples) measured 
immediately after excision and then at t=5 and t=10 minutes. The SD was estimated 
based on the SD of the mean attenuation across all time points. The second degree 
polynomial-fit calculated in this study is also shown 
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Figure 5-6. Attenuation as a function of frequency for liver (20 samples) measured 
immediately after excision and then at t=5 and t=10 minutes. The SD was estimated 
based on the SD of the mean attenuation across all time points. The second degree 




Figure 5-7. Attenuation as a function of frequency measured for kidney (20 samples, 
10 left and 10 right) immediately after excision and then at t=5 and t=10 minutes. The 
SD was estimated based on the SD of the mean attenuation across all time points. 
The second degree polynomial-fit calculated in this study is also shown.  
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Figure 5-8, Figure 5-9 and Figure 5-10 show the polynomial fit calculated, with other 
published studies for each organ shown in Section 1.4.2. The polynomial fits were 
extended to lower frequencies to allow comparison with data from previous 
published research.  
 
Figure 5-8.Attenuation versus frequency of brain tissue data as published in the 
literature with extrapolation of the second degree polynomial fit calculated in this study 
to zero. 





























Strowitzki et al., 2007 (human)
Welkowitz et al., 1992 (human)
Kremkau et al., 1981 (human)
Bamber et al., 1981 (human)
Bamber et al., 1977 (bovine)
Bamber et al., 1979 (bovine)
Goss et al., 1979 (cat)
a=0.7533f + 0.006477f
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Figure 5-9. Attenuation versus frequency of liver tissue data as published in the literature with extrapolation of the second degree polynomial fit 
calculated in this study to zero.  





























Wirtzfeld et al., 2015 (mouse)
Lu et al., 1999 (human)
Welkowitz et al., 1992 (human)
Parker et al., 1988 (human)
Itoh et al., 1988 (human)
Lin et al., 1987 (human)
Maklad et al., 1984 (human)
Ophir et al., 1984 (human)
Garra et al., 1984 (human)
Foster et al., 1979 (human)
Bamber et al., 1981 (human)
Gammell et al., 1979 (human)
Fujii et al., 2002 (bovine)
Taylor et al.,  1986 (bovine)
Parker et al., 1983 (bovine)
Goss et al., 1979 (bovine)
Bamber et al., 1977 (bovine)
Bamber et al., 1977 (porcine)
Lopez-Haro et al., 2009 (porcine)
Zderic et al., 2004 (porcine)
Gammel et al., 1979 (hog)
a=0.7252f + 0.01414f2





Figure 5-10. Attenuation versus frequency of the kidney tissue data as published in 
the literature with extrapolation of the second degree polynomial fit calculated in this 
study to zero.  
 
Figure 5-11 shows the three polynomial-fits calculated for each organ tissue in this 
study as a comparison with the UTMMS (Chapter 3) IEC agar-TMM (Rabell-Montiel 
et al., 2017) in the frequency range 4.5 – 50 MHz and the IEC guideline (IEC, 2001). 
 
 
Figure 5-11. Attenuation versus frequency graph comparing the polynomial fit found 
in this study and the attenuation data from the UTMMs and the IEC agar-TMM (IEC, 
2001; Rabell-Montiel et al., 2017). 
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5.4.3 Heart tissue acoustic measurements  
Despite the issues described in Section 5.3.3.2 for the collection of the acoustic data of 
heart tissue, measurements were obtained from nine heart tissue samples. 
Measurements were undertaken twice in one location using the same experimental 
set-up as with brain, liver and kidney tissue. To collect the RF data, the sample was 
orientated to appear as flat as possible. This location varied for each heart tissue 
sample. 
Table 5-3 show the SoS values measured from heart tissue. The SD shown is that 
found within the 10 lines inside the ROI of interest when the soft tissue was being 
scanned. The SD is higher than that obtained from the other soft tissue samples and 
this is most likely due to the non-flat surface of the sample. The difference between 
the first measurement of SoS and after 5 minutes was found to be 53.1 ms-1. 
 
Heart SoS ± SD (ms-1) 
First measurement 1525.6 ± 120.4 
t=5 1578.7 ± 91.4 
Table 5-3. Mean SoS and SD (ms-1) of nine heart tissue samples. Measurements 
were performed using the Vevo 770® preclinical ultrasound scanner over the 
frequency range of 12 – 32 MHz. 
 
From Table 5-3, the mean SoS of the heart tissue was calculated as 1548.9 ± 101 ms-1. 
This value was found to be 21 ms-1 lower than the expected SoS reported in the 
literature (1570 ms-1). The SD found in the mean SoS is an indication of the extent of 
the experimental error in the determination of the SoS for heart tissue. 
A second degree polynomial was fit estimated from the attenuation versus frequency 
data averaged at all time points. The second degree polynomial fit for heart tissue 
was calculated as 0.6049" + 0.007426"? (R2=0.62). The attenuation versus frequency 
at each measurement point for heart tissue is presented in Figure 5-12. The SD 
displayed was estimated based on the SD of the mean attenuation versus frequency 
across nine samples over all time points. Figure 5-12 also includes the extrapolation 
of the attenuation coefficient published from human myocardial measured at 200 
MHz (Saijo et al., 1997). In Figure 5-13 the polynomial-fit calculated for heart tissue is 
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compared to the polynomial fits found for brain, liver and kidney tissue, together 
with the IEC agar-TMM and the IEC guideline, as shown in Figure 5-11.  
 
 
Figure 5-12. Attenuation versus frequency of the heart (9 samples) tissue data as 
published in the literature with the timed measurements. The SD shown was 
calculated from the mean attenuation over all time points. The second degree 
polynomial-fit calculated in this study is also shown.  
 
 
Figure 5-13. Attenuation versus frequency of polynomial fit found in this study, 
compared with the attenuation data for IEC agar-TMM (IEC, 2001; Rabell-Montiel et 
al., 2017). 
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5.4.4 Acoustic measurements from perfused tissue 
Table 5-4 shows the mean SoS of the perfused brain and liver at t=0 and at t=5 minutes. 
The SD shown is the value calculated from 10 perpendicular scan-lines inside the ROI. 
It can be seen that the variation in the SoS as a function of time is less than 2.2 ms-1. 
The SoS increased 1.4 ms-1 for perfused brain and 2.2 ms-1 for perfused liver within 5 
minutes between measurements. The mean SoS was found to be 1563.1 ± 0.9 ms-1 for 
perfused brain and as 1605.7 ± 2.1 ms-1 for perfused liver.  
 
Organ 
Mean SoS ± SD (ms-1) 
t=0  t=5 
Brain 1562.4 ± 4.1 1563.8 ± 3.1 
Liver 1604.9 ± 4.1 1607.1 ± 3.7 
Table 5-4. The SoS and SD (ms-1) measured immediately after excision and perfusion 
and then at t=5 minutes. Measurements were made using a Vevo 770® preclinical 
ultrasound scanner over the frequency range of 12 – 32MHz. 
 
Figure 5-14 and Figure 5-15 shows the mean attenuation versus frequency for 
perfused brain and liver compared to the previously calculated polynomial-fits for 
non-perfused tissue (Figure 5-5 and Figure 5-6 respectively). The displayed SD was 
calculated from the mean attenuation data at all time points. It can be seen in Figure 
5-14 that the attenuation measured from perfused brain increases more slowly with 
frequency than for non-perfused brain tissue. The biggest difference was found at 32 
MHz with a value of 12.46 dB cm-1. The smaller difference was at 12 MHz with a value 
of 3.4 dB cm-1. In Figure 5-15 the attenuation measured from perfused liver can be to 
increase with increasing frequency in a similar manner as non-perfused liver; the 
biggest difference was found at 32 MHz with a difference of 2.87 dB cm-1, the smallest 










Figure 5-14. Attenuation as a function of frequency for perfused brain (1 sample) 
measured after perfusion and t=5 minutes. The SD shown was calculated based on 
the SD of the mean of data from the two time points.  
 
 
Figure 5-15. Attenuation as a function of frequency for perfused liver (2 samples) 
measured after perfusion and t=5 minutes. The SD shown was calculated based on 
the SD of the mean of data from the two time points. 
 
 







































































The aim of this study was to measure the acoustic properties of ex vivo small animal 
soft tissue in order to determine if the acoustic properties of the IEC agar-TMM were 
comparable to those of soft tissue at high frequencies. Twenty brains, twenty livers 
and twenty kidneys (ten left and ten right kidneys) from fifty mice were extracted, 
sliced, and their acoustic properties assessed using a Vevo 770® scanner. The acoustic 
properties were measured in PBS at 37°C (body temperature). Initial measurements 
were undertaken within 6 minutes after euthanasia (t=0) and then at t=5 and t=10 
minutes after the initial measurement.  
An increase in either water or fat content results in a decreased velocity of ultrasound 
in soft tissue (Duck, 1990). For the brain and the liver samples, the SoS and the 
attenuation were analysed against the weight, the age of the animal and against the 
precise measured thickness of the sample. Also, the SoS and the attenuation of the 
soft tissue samples were analysed as a function of time after excision. None of these 
parameters appeared to significantly interfere the measured demographic 
parameters (age, weight, sex) acoustic properties. It is hypothesized that the SoS and 
the attenuation variability across small animal soft tissue samples may be due to the 
diverse animal models used and also due to the intrinsic structural properties of the 
tissue which were not investigated in this study.  
5.5.1 PBS 
The acoustic properties of the PBS at 37°C in comparison with those of degassed 
deionised water and saline fluid at the same temperature were previously discussed 
in Section 2.7.3. 
5.5.2 Brain 
The SoS measured in brain samples was in good agreement with Kremkau et al., 
(1981) whose measurements were taken from human brain samples over the 
frequency range 1 – 5 MHz and measured at 37°C. From Table 5-2 and Table 1-4, the 
largest variation in SoS data was with Welkowitz et al., (1992) in which the SoS of 
mouse brain tissue was found to be 56 ms-1 lower than the data from this study.  
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For the brain attenuation, the largest inter-sample difference of 13.2 dB cm-1 was 
found at 26 MHz (Figure 5-5). Extending the second degree polynomial fit calculated 
in this study to lower frequencies, it was found that the attenuation from this study 
agrees at 1 MHz with a 0.5 dB cm-1 difference with Bamber, (1981), Goss et al., (1979), 
Kremkau et al., (1981) and Welkowitz et al., (1992). The attenuation from human brain 
was found to be up to 3 dB cm-1 less at lower frequencies (6 MHz) when compared 
with Bamber et al., (1977). The attenuation versus frequency data calculated in this 
study agrees up to 1.8 dB cm-1 with those published studies in the frequency range 1 
– 7 MHz (Bamber, 1981; Bamber et al., 1977; Goss et al., 1979; Kremkau et al., 1981; 
Strowitzki et al., 2007; Welkowitz et al., 1992). Moreover, the attenuation versus 
frequency measured in this study was re-expressed and extended to lower 
frequencies as a power-law of the form afb, where f is the frequency (MHz) and a and 
b are the coefficients of the fit. The power-law fit calculated for the brain was 0.91 dB 
cm-1 MHz-1 (R2=0.84). Kremkau et al., (1981) reported an attenuation of 1.08 dB cm-1 
MHz-1, Bamber et al., (1981) reported 1.1 dB cm-1 MHz-1 and Strowitzki et al., 2007 
reported an attenuation of 0.94 ± 0.13 dB cm-1 MHz-1. The maximum difference (4.2 dB 
cm-1 at 5 MHz) in the attenuation power law calculated in this study, was found with 
that of Bamber et al., (1979) (Figure 5-8). 
5.5.3 Liver 
There have been a number of previous papers published to describe the acoustic 
properties of liver at low frequencies, yielding a wide range of SoS and attenuation 
coefficient values (Table 1-4). The SoS of the liver measured in this study was shown 
to be in good agreement within 5 ms-1 with Bamber & Hill, (1979) and Martínez-
Valdez et al., (2015) and was up to 33 ms-1 higher than Bamber et al., (1980); Chen et 
al., (1987); Kumagai et al., (2014); Martínez-Valdez et al., (2015); López-Haro et al., 
2009; O’Brien, (1988) and Sehgal et al., (1986). The biggest SoS difference was again 
found to be with Welkowitz et al., (1992) who reported a SoS in mice of 1510 ms-1 at 2 
MHz. 
It is known that gas is more likely to be introduced into the liver during excision than 
any other organ due to its highly vascular structure and tendency to produce gas 
during autolytic decay. The presence of gas in specimens is reported to be the greatest 
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problem in the preparation of soft tissue samples for acoustic measurements (Bamber, 
1981). Measurements in this study were initiated within 6 minutes post euthanasia. 
During the measurement sequences, the samples were kept in PBS at 37°C. Therefore, 
it is not believed that the attenuation variability of 10 dB cm-1 at 32 MHz, see Figure 
5-6, observed in this study derives from the production of gas due to autolytic decay. 
Previous studies found attenuation ranging from 0.44 – 0.65 dB cm-1 MHz-1 (Itoh et al. 
1988; Lu et al. 1999; Parker et al. 1988; Fujii et al. 2002). Despite the extensive number 
of liver studies in various publications, there is an 8.8 dB cm-1 variation in the 
attenuation coefficients at 9 MHz (Garra et al. 1984; Itoh et al. 1988; Lu et al. 1999; 
Maklad et al. 1984; Parker et al. 1988; Taylor et al. 1986). The attenuation of the liver 
has also been studied over a similar frequency range to that used in this study. 
Wirtzfeld et al., (2015) found a difference of 26.5 dB cm-1 at 32 MHz when compared 
with the results of this study. This difference is attributed to the type of sample (extra-
cellular from a decelularised process) measured used by Wirtzfeld et al., (2015) versus 
the ex vivo fresh tissue method used in this study. Furthermore, by extending the 
second degree polynomial fit found in this study to lower frequencies (Figure 5-9 
good agreement was found with the data published of bovine and human liver at 
37°C up to 9 MHz (Foster & Hunt, 1979; Fujii et al., 2002; Gammell et al., 1979; Goss 
et al., 1979; Lu et al., 1999). Also, the second degree polynomial fit calculated in this 
study was found to be within ±6 dB cm-1 with pig, rat and human livers measured up 
to 9 MHz by López-Haro et al., (2009), O’Brien et al., (1988), Lu et al., (1999) and 
Gammell et al., (1977). 
The attenuation calculated in this study can also be expressed as a power-law as 1.08 
dB cm-1 MHz-1 (R2=0.66) and thus extended to lower frequencies. This power-law 
value was found to be in smaller (up to 0.42 dB cm-1) from pig, rat and human livers 
measured by López-Haro et al., (2009), O’Brien et al., (1988), Lu et al., (1999) and 
Gammell et al., (1977). The power-law reported on those studies was 1.2 dB cm-1   
MHz-1, 1.3 ± 0.09 dB cm-1 MHz-1, 1.6 ± 0.21 dB cm-1 MHz-1 and 1.5 dB cm-1 MHz-1, 
respectively.  




The difference in SoS values between the left and right kidney, using different 
dissection axes, was 0.97 ms-1. Based on the second polynomial fit, the difference was 
found to be up to 1.31 dB cm-1 between the diverse dissection planes (left and right 
kidney) across the frequency range 12 – 32 MHz. Despite measuring the acoustic 
properties from different dissection planes the mean attenuation values did not show 
a consistent variation. Previous work has shown the variation in the acoustic 
properties of the kidney to be associated with five sections across the longitudinal 
axis in canine renal anatomy (Sarvazyan & Klemin, 1983) see (Section 1.4.2.4 ). In that 
study, the SoS showed a difference of 5 ms-1 and a difference of 0.5 dB cm-1 at 8.8 MHz 
in dog’s kidney (from the cortex through to the renal veins).  
In this study, effort was made to ensure measurements were undertaken within the 
medulla in both dissection planes. The limited variation in our measurements suggests 
that this was achieved. The acoustic properties found for both the left and the right 
kidney were combined by taking the mean value for comparison with previous 
literature. The mean magnitude of the SoS values of the kidney were found to lie 
between the values obtained from studies published from human, pigs and mice at 
different temperatures (Table 1-4). The inter-sample attenuation as a function of 
frequency was found to vary up to 5 dB cm-1 at 30 – 32 MHz, with the smallest 
difference (1 dB cm-1) at 3 MHz. In Figure 5-10 the polynomial fit calculated in this 
study is compared with published studies. The magnitude of the attenuation given 
by the second degree polynomial fit calculated in this study fall within the magnitude 
of attenuation found in the published studies. This polynomial fit was found to be 
smaller by 2.7 dB cm-1 compared with data from Gammell et al., (1979), Goss et al., 
(1979), Welkowitz et al., (1979) and higher by up to 1.6 dB cm-1 with data reported by 
Worthington et al., (2001) in the frequency range from 1 – 9 MHz. Moreover, the 
attenuation of the kidney can be re-calculated as a linear attenuation coefficient. The 
value obtained was 0.73 dB cm-1 MHz-1 (R2=0.81) which is 0.33 dB cm-1 MHz-1 higher 
than the attenuation measured from bovine and porcine kidney at 37°C and at 45°C 
(Goss et al., 1979; Worthington et al., 2001).  These differences could be attributable to 
real differences in animal kidneys or to the difference due to the temperature at which 
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the studies were undertaken (up to 65°C) (Worthington & Sherar, 2001). The mouse 
kidney has been studied up to 35 MHz by Wirtzfeld et al., (2015), the difference in 
attenuation compared to this study of up to 10.2 dB cm-1 at 32 MHz. 
 Heart acoustic measurements 
In order to acoustically characterise the heart tissue, different methods to slice/open 
the heart with sufficient tissue in the sample were tested. Diverse methods of holding 
the tissue designed for the heart were also devised.  
Results taken from measurements on heart tissue, while testing these different 
methods were presented in Section 5.3.3.2. The SoS of this organ exhibited large 
variability (up to 10%) within each sample. Nevertheless, the SoS measured 5 minutes 
after the first measurement was found to be in agreement with published studies. The 
analysis of RF data was performed in a similar way to that of the brain, liver, and 
kidney. The high SD shown for the SoS could be due to the topography and the 
muscular nature of heart tissue. Alternatively, very small pieces of tissue could have 
overlapped within background noise, introducing a large uncertainty when 
analysing the RF data. The value of the SoS of the heart may predict cardiac arrest 
(Butts, 2017). 
Heart attenuation measurement (Figure 5-13) agreed closely with those measured for 
the kidney at low frequencies and within 2 dB cm-1 at 30 MHz. Attenuation of the 
heart tissue was found to be 10 dB cm-1 lower at 30 MHz with than for liver. 
Because of the issues with heart tissue handling, described previously, no more 
measurements were performed on this organ.  
 Perfused versus non-perfused tissue 
For the SoS, measurements of perfusion of the brain was not found to influence our 
measurements of SoS. The difference between non-perfused and perfused tissue was 
less than 3.2 ms-1. Similarly, SoS for perfused liver was found to be +1 ms-1 when 
compared with non-perfused liver. Both differences in the SoS values fall within the 
SD reported for normal tissue in Table 5-2.  
The difference in the attenuation values between non-perfused and perfused soft 
tissue indicates that for brain tissue, blood does result in a detectable change in 
5.5 Discussion   132 
 
 
attenuation properties. The mean attenuation between perfused brain tissue was 2.2 
dB cm-1 less than the mean attenuation measured from the non-perfused tissue. In the 
case of the liver, the attenuation from perfused liver tissue falls within 1 SD measured 
values for non-perfused tissue (Figure 5-6).  
5.5.5 Comparison with TMM 
The frequency range used in this study (12 – 32 MHz) falls outside of the range over 
which the IEC guideline give recommended values (2 – 10 MHz). The biggest 
difference in the SoS from recommended TMM SoS values was found in liver tissue 
which varied from the IEC agar-TMM by 64 ms-1.  
For the attenuation coefficient, the polynomial-fits calculated from the brain, liver, 
and kidney tissue data were compared with previously published acoustic 
measurements from the IEC agar-TMM (Figure 5-11) up to 50 MHz. The attenuation 
of the kidney matched the IEC agar-TMM with a consistent difference of 0.5 dB cm-1 
in the frequency range 12 to 32 MHz. This difference falls within one SD of the IEC 
agar-TMM (±2 dB cm-1). The biggest difference in the attenuation coefficient was 
found to be with liver tissue of 14 dB cm-1 at 32 MHz when compared with the IEC 
agar-TMM  (Rabell Montiel et al., 2017). 
 Matching the acoustic properties of the IEC agar-TMM to those of 
small animal soft tissue  
As mentioned in Section 5.4, a modification of the IEC agar-TMM recipe based on the 
results of soft tissue is needed for the development of a TMM for high frequency 
ultrasound applications. Chapter 4 presented the acoustic properties of the individual 
components of the IEC agar-TMM by the inclusion and exclusion of some of the 
ingredients, without altering the percentage concentration. The acoustic properties of 
an agar-based material have been studied by changing the percentage concentration 
of the ingredient components, based on the IEC agar-TMM recipe (Cannon et al., 2011; 
Inglis et al., 2006). In order to adjust the acoustic properties of the IEC agar-TMM to 
match those of small animal soft tissue, the results showed in Section 5.4 have been 
compared with previously published work where the percentage concentrations of 
ingredients within agar-based materials have been modified.  
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The acoustic properties of the agar-TMM have been measured by Cannon et al., (2011) 
by changing the concentration of the 4 main composition ingredients as follows: 1) 
glycerol concentration variation at 0% and 50 – 150% in steps of 10%, 2) SiC (size 
particle 17 µm), Al2O3 (both sizes of particles 0.3 µm and 3 µm) varied concentrations 
in steps of 5% from 0 – 20%, in steps of 10% from 30 – 60%, in steps of 20% from 75% 
and 100 – 200%. 3) Al2O3 (both sizes of particles 0.3 µm and 3 µm) varied 
concentrations in steps of 10% and 250% from 100 – 200%. 4) SiC (size particle 17 µm) 
concentration variation from 0 – 100% in steps of 10%. These measurements were 
performed using the SAM system in the frequency range from 14.8 – 24.5 MHz at 
20°C by Cannon et al., (2011). Furthermore, the attenuation of the agar-TMM has also 
been assessed when changing the percentage concentrations of the aluminium oxide 
particles (both particle sizes) and the silicon carbide (400 grain) increased from 0 – 
100% using the SAM system with a centre frequency probe of 7 MHz (Inglis et al., 
2006).  
Figure 5-16 shows the effects of the glycerol concentrations on the agar-TMM SoS 
measured at 20 MHz by Cannon et al., (2011) as a comparison to the soft tissue SoS 
measured in Section 5.4.1. It can be seen that, to achieve the SoS of mouse brain tissue, 
the concentration of glycerol has to increase to approximately 130%, whereas for liver 
the glycerol concentration will have to be increased above 150%. To match the SoS of 
the agar-TMM to the SoS of the kidney, the glycerol concentration should be increase 
of to 140%. The IEC recommends a SoS value of 1540 ± 15 ms-1 for TMM. The SoS 
reported by Cannon et al., (2011) with 100% glycerol concentration falls outside of the 
specifications provided by the IEC (Figure 5-16).  
The concentrations of the aluminium oxide and/or silicon carbide, demonstrated no 
effect on the SoS of the agar-TMM. Moreover, increasing the glycerol concentrations 
did not affect the attenuation coefficient on the agar-TMM (Cannon et al., 2011). With 
a reported SoS of the glycerol of 1923 ms-1 and an impedance of 2.44 x 103 kg cm-3 s at 
9.6 MHz (Dymling et al., 1991); the variations in the concentration of glycerol showed 
no significant effect on the density nor on the impedance of the agar-TMM (Cannon 
et al., 2011).  
 





Figure 5-16. SoS as a function of glycerol concentration. The graph also shows the 
SoS measured in this PhD report from brain, liver, and kidney tissue. The red double 
bracket indicate the IEC, (2001) guideline. The grey shadowed area indicate the 
actual SoS value recommended by the IEC (IEC, 2001). 
 
 
In order to match the attenuation coefficient from brain, liver or kidney tissue; the 
concentration of both aluminium oxide sizes particles and also silicon carbide should 




































Figure 5-17. Attenuation as a function of aluminium oxide (0.3 µm and 3 µm) and 
Silicon Carbide (17 µm) from Cannon et al., (2011) and 400 grain from Inglis et al., 
(2006) concentrations. The graph also shows the power-law of the attenuation 
measured in this PhD report from brain, liver and kidney tissue. The red double 
bracket indicate the IEC, (2001) guideline. 
 
Moreover, according to Figure 5-18, the attenuation from brain showed good 
agreement with the attenuation of the percentage of aluminium oxide (both particles 
sizes) at 250%. The kidney attenuation falls within the increments between 190 – 200% 
of Al2O3. Figure 5-18 also indicates that to match the attenuation of liver both sizes of 
aluminium oxide particles should increase to quantities above 250% with respect to 





















































Cannon et al., (2011)









Figure 5-18. Attenuation as a function of aluminium oxide (0.3 µm and 3 µm) 
concentration. The graph also shows the power-law fit of the attenuation measured in 
this PhD report from brain, liver and kidney tissue over the frequency range 12 – 32 
MHz.  
 
Figure 5-19 shows that when increasing the concentration of the SiC the overall 
attenuation of the agar-TMM did not show a high variability (±0.1 dB cm-1 MHz-1). 
The aluminium oxide has been found to mainly contribute to the overall attenuation 
of the agar-TMM (Cannon et al., 2011; Inglis et al., 2006). Therefore, the largest 
modification in the IEC agar-TMM recipe should be on the glycerol (to match the SoS) 
and on the Al2O3 particles (to match the attenuation) in order to closely match the 




























































Figure 5-19. Attenuation as a function of Silicon Carbide (17 µm) concentration. The 
graph also shows the power-law fit of the attenuation measured in this PhD report for 
brain, liver and kidney tissue measured over the frequency range 12 – 32 MHz. The 
red double bracket indicate the IEC, (2001) guideline. 
 
5.6 CONCLUSIONS 
The acoustic properties of mouse soft tissue (brain, liver, and kidney) were measured 
over the frequency range of 12 – 32 MHz with the tissue immersed in PBS at 37°C. 
The samples were obtained from recently euthanized C57BL/6 healthy surplus male 
mice with a mean age of 6.9 ± 3.9 months. Measurements were undertaken within 6 
minutes of excision and then at 5 and 10 minute time-points after the first 
measurement. Attempts to measure the acoustic properties from mouse heart tissue 
were also investigated. 
The measured SoS of soft tissue was found to be 1566.3 ± 9.9 ms-1 for the brain, 1604.7 
± 16.8 ms-1 for the liver and 1574.9 ± 10.8 ms-1 for the kidney. For all the small animal 
soft tissue, the SoS results were comparable with those published for low ultrasound 
frequencies (1 – 9 MHz).  
The attenuation of the small animal soft tissue was confirmed to increase with 
increasing frequency. The attenuation was shown to be nonlinear as a function of 
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frequency and was modelled as second degree polynomials: 0.7533" + 0.006477"? 
(R2=0.85) for brain, 0.7252" + 0.01414"?  (R2=0.70) for liver and 0.5771" +
0.006322"? (R2=0.83) for kidney. The attenuation coefficient calculated from the data 
generated in this study was extended to lower frequencies for comparison with 
previously published work.  
The attenuation from perfused liver falls within 1 SD of the attenuation measured for 
non-perfused liver.  
In order to create a TMM suitable for use as a high frequency QA phantom and based 
on an IEC agar-TMM recipe, the recipe should be modified. For the SoS of the TMM 
to match the SoS of mouse brain and kidney, the glycerol concentration should 
increase by 40%. For the attenuation coefficient of the TMM to match the attenuation 
of mouse brain the concentration of both sizes of Al2O3 particles (3µm and 0.3µm) 
should increase by 150%.  
Finally, QA phantoms are made of materials that mimic the acoustic properties of 
tissue. The acoustic properties of soft tissue have been previously assessed up to 9 
MHz and at 15 – 35 MHz. Establishing the acoustic properties of soft tissue at high 
frequency is a required step in the development of a suitable TMM QA phantom. 
Currently, the IEC guidelines do not provide the necessary data to develop a TMM 
suitable for frequencies above 10 MHz. Therefore, the data provided in this chapter 
can be used as a basis from which a recipe for TMM, which is representative of tissue 
properties at high frequencies, can be based. 
 
  





CONCLUSIONS AND FUTURE WORK 
6.1 CONCLUDING REMARKS 
The goal of this thesis was to develop a TMM with high frequency acoustic properties 
matching those of small animal soft tissue. The aim of this TMM was to incorporate 
this material into a fit for purpose high frequency QA phantom. These high frequency 
QA phantoms would then be more suitable for performance assessment of high 
frequency ultrasound scanners than those manufactured using existing formulations. 
Although this new TMM was not manufactured, the work presented in this thesis 
provides the knowledge upon which such a TMM could be developed.  
To summarize, Chapter 2 presented the methods, the equipment and the Matlab 
scripts used to analyse the existing IEC agar-TMM in order to develop a new TMM. 
The methods and the experimental setup described in Chapter 2 were the basis of the 
following results chapters. Chapter 3 compared the acoustic properties of the IEC 
agar-TMM when using 2 different measurement techniques. These are firstly, the 
most widely used method of film-wrapping thin samples of TMM measured in 
degassed, deionised water and secondly the use of un-covered thin samples of TMM 
measured in TMM preserving fluid. The latter method was developed as an integral 
part of this PhD. Using this method, the advantages of using a preserving solution for 
the study and storage for up to a year of TMM has been demonstrated. The acoustic 
properties of the individual formulation ingredients of the IEC agar-TMM were 
presented in Chapter 4. It has been shown that the overall attenuation of the IEC agar-
TMM was accomplished by the linear summation of the attenuation values from each 
of the composition ingredients. Chapter 5 presents the results of the SoS and 
attenuation coefficient values of the small animal soft tissue (brain, liver, and kidney) 
at high frequencies including the comparison of the acoustic properties between 
perfused and non-perfused tissue. Conclusions and highlights of each chapter are 
described below. 
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In Chapter 2, the 3 dB frequency bandwidth was measured for the seven transducers 
used in this PhD project providing the total bandwidth over which acoustical 
measurements were made in this thesis. This was 4.5 – 50 MHz, using four 
transducers on the Vevo 770® preclinical scanner and three transducers as part of the 
SAM system. Also, in Chapter 2 the acoustical properties of the reference fluids used 
in this thesis were presented (TMM preserving fluid, phosphate buffered saline (PBS) 
and degassed deionised water). The TMM preserving fluid was characterised by the 
NPL, whereas the PBS at 37°C was characterised in this thesis using a standard 
substitution technique. The 3 dB frequency bandwidth of the transducers and the 
acoustic properties of the different reference fluids provided necessary information 
for the acoustic properties of the IEC agar-TMM and of the small animal soft tissue at 
high frequencies as derived in the following results chapters. 
In Chapter 3 the acoustic measurements of IEC agar-TMM at high frequency using 2 
different measurement techniques were performed. These measurement techniques 
were as follows, firstly, the most commonly used technique for measuring the 
acoustic properties of TMM. This technique involves the film-wrapping of thin slices 
of agar TMM samples (FTMMs) measured in degassed water. The second technique 
measured the acoustic properties of uncovered agar TMM slices (UTMMs) immersed 
in TMM preserving fluid. The second technique was developed as part of the 
production of this PhD. The SoS and the attenuation coefficient values from TMM 
samples manufactured using both different measurement techniques were compared 
every 3 months over a period of 1 year. To extend the measurements to lower 
frequencies, the SAM system was used to acquire acoustic data at the Dublin Institute 
of Technology. The results from this study were compared with information found in 
the literature and with the IEC guideline for TMM, finding good agreement. The 
results also found that 1) the SoS values were 1538.2 ± 14.5 ms-1 for FTMMs and 1544.0 
± 3.5 ms-1 for UTMMs. 2) the attenuation for TMM increases with increasing frequency 
as 0.4649" + 0.007363"? for FTMMs and as 0.4897" + 0.008366"? for UTMMs and 
3) the TMM samples manufactured using the second technique pioneered in this PhD 
demonstrated a better acoustic stability with up to 4 times smaller SD for the SoS 
values and up to 5 times smaller variation in the attenuation coefficient values.  
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Chapter 4 presents the results obtained for the acoustic properties of the individual 
components of the IEC agar-TMM using the alternative sample preparation and 
experimental method developed in Chapter 3. The mean SoS for all the different 
batches (with varying constituent ingredients) was found to be within the IEC 
recommended values for SoS. This result was expected since there was no 
modification of the percentages of the fluids (water, benzalkonium chloride, and 
glycerol) included in the different component ingredient batches. The mean SoS from 
all the TMM batches was found to be 1538.8 ± 5.1 ms-1. The overall attenuation of the 
IEC agar-TMM was found to be the linear sum of the attenuation coefficients of its 
component parts. This resulted in a key observation from which the formulation of 
an agar-TMM matching the acoustic properties of small animal tissue can be 
achieved. 
In Chapter 5 the results from the measurement of the acoustic properties of mouse 
brain, liver, and kidney, that were obtained at higher frequencies were presented and 
compared to those obtained in the literature. The SoS obtained from mouse soft tissue 
was found to fall outside of the IEC recommended values for TMM. The IEC does not 
provide guidance on how to develop a TMM suitable for frequencies above 10 MHz. 
The results of Chapter 5 show that only the attenuation of mouse kidney was inside 
the 1 SD of the measured attenuation value (Chapter 3) of the IEC agar-TMM. In order 
to reproduce the acoustic properties of small animal soft tissue, modifications to the 
IEC agar-TMM recipe should be implemented to match the SoS and the attenuation 
of liver and brain at these higher frequencies. The data provided in this chapter can 
be used as a basis from which to develop a TMM suitable for high frequency imaging. 
6.2 FUTURE WORK 
6.2.1 Additional ultrasound parameters of IEC agar-TMM 
In Chapter 5 only the SoS and the attenuation coefficient of biological tissue was 
quantified at high frequencies. Other ultrasound parameters such as B/A coefficient, 
backscatter, elasticity or impedance were not assessed during this PhD thesis. These 
parameters, in addition to those shown in Table 1-5, may be needed to develop a 
TMM whose acoustic properties match those of soft tissue at high frequencies. 
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The IEC recommends an impedance of 1.60 ± 0.16 x 106 kg m-2 s-1 and a backscatter 
coefficient of 1 – 4 x 10-28 f4 m-1 Hz -4 sr-1 but does not recommend a value for elasticity 
or B/A coefficient values for TMM (IEC, 2001). A few studies have reported the 
backscatter and the elasticity values of the IEC agar-TMM. Brewin et al, (2008) 
reported a backscatter power slope for the IEC agar-TMM as 1.48 dB MHz-1 over a 
frequency range of 17 – 23 MHz. Additionally, the relative backscatter of the agar-
TMM has been shown to remain constant with increasing temperature (Browne et al., 
2003). The shear modulus of the agar-TMM is reported to decrease with increasing 
temperature over a frequency range of 1 – 10 MHz (Dunmire et al., 2013).  
Furthermore, the backscatter has been studied when changing the concentrations of 
both particle sizes of aluminium oxide (Al2O3) and silicon carbide (SiC) at 20 MHz by 
Cannon et al., (2011) and at 7.5 MHz by Inglis et al., (2006) both at 20°C. It was 
reported that the backscatter changed from 0 to -11.8 dB when the particle 
concentration decreased from 100% to 0% (Inglis et al., 2006). Cannon et al., (2011) 
also showed a decrease in backscatter from 0 to -20 dB when decreasing the particle 
concentration.  
It has been shown that the backscatter is predominantly provided by the aluminium 
oxide particles (Inglis et al., 2006) and that the silicon carbide does not contribute to 
the SoS, attenuation coefficient or backscatter of the agar-TMM (Cannon et al., 2011). 
The backscatter and nonlinear parameters of the IEC agar-TMM have been quantified 
up to 20 MHz (Browne et al., 2003; Cannon et al., 2011; Madsen et al., 1999; Wear et 
al., 2005). Further acoustic data (backscatter and nonlinear parameters) is needed 
above 20 MHz from the IEC agar-TMM. Also, the backscatter and nonlinear 
parameters from small animal soft tissue are needed in order to develop a TMM 
suitable for a QA phantom that can assess the performance of high frequency 
elastography ultrasound scanners with a realistic image appearance and YM values. 
More information on the nonlinear parameter, backscatter and elasticity of the IEC 
agar-TMM at high frequencies are needed in order to develop a new TMM whose 
acoustic properties match those of mouse soft tissue. 
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6.2.2 Acoustic measurement of in vivo soft tissue  
Since the SoS and attenuation of small animal soft tissue were assessed in this, it 
would be useful to measure the acoustic properties of in vivo soft tissue for 
comparison. The measurement of the acoustic properties of in vivo soft tissue will 
provide data from functioning soft tissue without the presence of coagulated blood 
and potential degradations of the tissue. The acoustic properties of small animal soft 
tissue in vivo have been assessed in only a few studies (Kagadis et al., 2010; Zderic et 
al., 2004) and pose significant technical challenges. It is known that blood pressure 
influences soft tissue elasticity values (Gennisson et al., 2012). 
More acoustic information, including the measurement of both linear and non-linear 
parameters, from perfused and non-perfused soft tissue will help to quantify the 
influence of blood on the acoustic properties of tissue. Blood has been reported to 
have a SoS of 1575ms-1, an attenuation coefficient of 0.15 dB MHz-1.21 cm-1, a B/A 
coefficient of 6 and an acoustic impedance of 1.66 x106 kg m-2 s with a density of 1050 
kg m-3 (Azhari, 2010;  Duck, 2012). As such these acoustic properties are given by the 
IEC as recommended values for blood-mimicking-fluid (IEC, 2001).  
6.2.3 Acoustic measurement of heart tissue 
Additionally, an experimental set-up is needed to acoustically characterise mouse 
heart. In Section 5.4.3, the difficulties in obtaining an adequate heart sample were 
discussed. It was found that, due to the anatomy of the organ, the heart sample curled 
when immersed in PBS at 37°C.  
6.2.4 3 dB bandwidth of the Vevo 770® transducers at body 
temperature 
The 3 dB bandwidths of the Vevo 770® transducers were measured at room 
temperature in this thesis. Additional probe characterisation at human body 
temperature may be needed due to the variations in the nonlinear parameters of 
degassed deionised water (Van Dongen & Verweij, 2008) found at higher 
temperatures (Bilaniuk & Wong, 1992; Del Grosso & Mader, 1972; Pinkerton, 1949). It 
is known that nonlinear effects of degassed water increase with increasing 
temperature (Van Dongen & Verweij, 2008). Van Dongen et al., (2008) showed that 
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the B/A (nonlinearity) parameter of degassed water is 5 times more sensitive to 
temperature than SoS. The ultrasound nonlinear parameter is often expressed as a 
B/A coefficient value. The values of A and B are the coefficients of the first and second 
order terms in a Taylor series of the equation relating pressure to density. Thus 
further characterisation may be needed for accurate ex vivo and in vivo acoustic 
characterisation of soft tissue at 37°C for future clinical applications.  
This variation in nonlinear parameters can lead to variations in the beam profile and 
a change in the focal depth of the transducer. The focal depth of the transducer used 
in this thesis was the one established by the manufacturer and shown (Figure 2-3) in 
the Vevo 770® software (Visualsonics, Inc).  
6.2.5 Development of a TMM suitable for high frequency QA 
phantoms 
The results presented in this thesis describe the acoustic properties of mouse soft 
tissue and individual components of an IEC agar-TMM at high frequencies, this work 
represents is a first step towards the development of a TMM suitable for high 
frequency QA test objects.  
Based on the data provided in Chapters 3, 4 and 5, in order to manufacture a QA 
phantom which is relevant at higher frequencies; a TMM should be developed to 
closely match the SoS and the attenuation of small animal soft tissue at these 
ultrasound frequencies. In order to produce a TMM suitable for high frequency QA 
phantoms some extra steps need to be taken. Firstly, based on the discussion in this 
chapter, a TMM with the required modification of the silicon carbide and aluminium 
oxide particles needs to be manufactured and its acoustic properties measured in 
order to compare these results with the small animal soft tissue acoustic properties 
measured in this thesis. This will corroborate the modification of the TMM recipe in 
order to match its acoustic properties to those of small animal soft tissue. To measure 
the acoustic properties of TMM samples, the use of the alternative measurement 
technique developed in Chapter 3 will be beneficial, as this method shows less 
variable measurements and better longitudinal acoustic stability for both the SoS and 
the attenuation coefficient values. 
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In summary, the acoustical data reported in this thesis from the IEC agar-TMM and 
from the small animal biological tissue extends the available information and 
understanding of the interaction of ultrasound with tissue and TMM structures to 
higher ultrasound frequencies. The data reported in this thesis will allow additional 
developments of QA phantom design for high frequency ultrasound applications.  
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Abstract—Commercially available ultrasound quality assurance test phantoms rely on the long-term acoustic sta-
bility of the tissue-mimicking-material (TMM). Measurement of the acoustic properties of the TMM can be tech-
nically challenging, and it is important to ensure its stability. The standard technique is to film-wrap samples of
TMM and to measure the acoustic properties in a water bath. In this study, a modified technique was proposed
whereby the samples of TMM are measured in a preserving fluid that is intended to maintain their characteristics.
The acoustic properties were evaluated using a broadband pulse-echo substitution technique over the frequency
range 4.5–50 MHz at 0, 6 and 12 months using both techniques. For both techniques, the measured mean values
for the speed of sound and attenuation were very similar and within the International Electrotechnical
Commission-recommended value. However, the results obtained using the proposed modified technique exhibited
greater stability over the 1-y period compared with the results acquired using the standard technique. (E-mail:
adela.rabell@ed.ac.uk) ! 2017 World Federation for Ultrasound in Medicine & Biology.
KeyWords:Ultrasound, High frequency, Tissue-mimicking material, Speed of sound, Attenuation coefficient, Long
term.
INTRODUCTION
Commercially available quality assurance (QA) test
phantoms are widely used to test the performance of clin-
ical ultrasound scanners. These phantoms are manufac-
tured from tissue-mimicking-material (TMM) that is
designed to closely match the acoustical properties of
the speed of sound (SoS) and the attenuation coefficient
of soft tissue. The aim in manufacturing these phantoms
is to provide a reproducible method to assess the perfor-
mance of ultrasound scanners. However, these phantoms
are intended for use with clinical ultrasound scanners at
frequencies #20 MHz. To the best of our knowledge,
there are no commercially available test phantoms for
assessment of the performance of ultrasound scanners
employing ultrasound frequencies .20 MHz.
A variety of TMMs are currently produced both
commercially and within laboratories. These include:
agar-based TMMs (Teirlinck et al. 1998), condensed
milk TMMs (Madsen et al. 1998), gelatin TMMs (Culjat
et al. 2010), konjac–carrageenan TMMs (Kenwright
et al. 2014; Meagher et al. 2007), urethane rubber
TMMs (Culjat et al. 2010), poly (vinyl alcohol) cryogel
(PVA-C) TMMs (Cournane et al. 2010; Culjat et al.
2010; King et al. 2011) and Zerdine TMMs (CIRS,
Norfolk, VA, USA). The International Electrotechnical
Commission (IEC) agar-based TMM has become widely
used and popular for clinical and pre-clinical test objects
(Brewin et al. 2008; Browne et al. 2003; Cannon et al.
2011; Culjat et al. 2010; Inglis et al. 2006; Moran et al.
2011a, 2011b; Rajagopal et al. 2014; Sun et al. 2012;
Yang et al. 2013). The acoustical properties of this agar-
based TMM are designed to comply with the ultrasound
acoustical parameters provided by the IEC (2001) with
the recommended SoS and attenuation over the frequency
range 2–10MHz being 15406 15 m/s and 0.56 0.05 dB/
cm, respectively.
Moderately high-frequency ultrasound scanners
(#20 MHz) have been manufactured for many years
and have been utilised clinically in assessment of the
skin (Machet et al. 2009), vascular structures (Rhee
2007) and in retinal imaging (Foster et al. 2000). In recent
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years, reliable high-frequency (20–50 MHz) and very
high frequency (.40 MHz) ultrasound scanners have
become mainstream technology for the imaging of super-
ficial structures in clinical imaging and for pre-clinical
imaging applications due to improvements in transducer
engineering and software technology (Banchhor et al.
2016; Moran et al. 2011a, 2011b; Schmitt et al. 2010;
Sundholm et al. 2015; Xu et al. 2012).
With the increase in high-frequency ultrasound im-
aging applications, there is a need to develop and acous-
tically characterise TMMs suitable for high-frequency
ultrasound quality assurance and training phantoms. It
has been reported that above 10 MHz, the TMMs in the
commercial test phantoms do not have optimum acoustic
properties, as the attenuation starts to exhibit a non-linear
response with increasing frequency (Browne et al. 2003),
whereas the IEC guidelines for TMM properties recom-
mend a linear relationship between attenuation and fre-
quency up to 10 MHz.
The agar-based TMM developed under the IEC
guidelines and used in this study has previously been
found to have a non-linear response when acoustically
investigated at frequencies #23 MHz by Brewin et al.
(2008) and in our own laboratory and in the National
Physical Laboratory (Teddington, UK) at frequencies
up to 47 MHz (Sun et al. 2012) and 60 MHz (Rajagopal
et al. 2014), respectively. In these studies, test cells or
TMM samples wrapped with film material (Saran Wrap
or Mylar) were employed to preserve the samples during
acoustic characterisation when degassed, de-ionised wa-
ter was used as the reference medium. Moreover, thin sli-
ces of TMM ranging in thickness from 2.5 to 30 mmwere
used, enabling higher ultrasound frequencies to propa-
gate through the TMM slices (Brewin et al. 2008;
Rajagopal et al. 2014; Sun et al. 2012). The encasing of
the TMM in film is important as, without the film, the
TMM will degrade rapidly. This degradation is due to
leaching of the glycerol from the TMM into the water
reference medium, thus altering the acoustic properties
of the TMM (Brewin et al. 2008). A reference water
test cell, also encapsulated in Saran Wrap or Mylar
film, was used in the reference measurement to account
for the effect of the film on measurements (Rajagopal
et al. 2014; Sun et al. 2012). However, the production
of both the TMM slices wrapped in film and water test
cells is time consuming and technically challenging,
especially for thin TMM samples. Therefore, the aim of
this study was to compare this well-established technique
for the measurement and preservation of an IEC agar
TMM to a technique in which TMM is characterised
and preserved in a preserving fluid. Furthermore, this
method was evaluated over a 1-y period to determine
the longitudinal stability of the acoustic properties.
METHODS
Acoustical measurements
Data were captured using two different acoustical
systems, described briefly here and elsewhere (Sun
et al. 2012). First, a Vevo 770 pre-clinical ultrasound
scanner (Visualsonics, Toronto, ON, Canada) was used
at the University of Edinburgh, and second, a scanning
acoustic macroscope (SAM) system developed in-house
was used at the Dublin Institute of Technology (Cannon
et al. 2011). The SAM system was used to provide addi-
tional acoustic data and to extend the lower limit of the
bandwidth of the measurements to 4.5 MHz.
Manufacture of FTMM and UTMM samples
A batch of the IEC agar-based TMM was manufac-
tured according to a widely used standard recipe and
method (Brewin et al. 2008; Browne et al. 2003;
Cannon et al. 2011; Ramnarine et al. 2001; Teirlinck
et al. 1998). This mixture was poured at 42#C onto a
pre-warmed metal plate. The plate was pre-warmed to
ensure that the mixture spread uniformly. The TMM
mixture was then left to cool to room temperature.
From this batch of TMM, 22 cylindrical slices of TMM












RMV 704 40 6 18–40 0.52
RMV 707 B 30 12.7 12–32 1.05
RMV 710 B 25 15 12–28 1.06
RMV 711 55 6 25–50 0.23
SAM system
V320 7.5 95 4.5–9 0.05
V317 20 65 14–25 0.021
V390 50 12 20–40 0.022
SAM 5 scanning acoustic macroscope.
* The central frequency and focal length are parameters provided by the manufacturer: Vevo 770 (VisualSonics, Toronto, ON, Canada) and SAM
system (Olympus Panametrics NDT, Waltham, MA, USA), The 3-dB bandwidth is from measurements, and the peak pressure is from Sun (2012).
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of diameter 5.5 cm were cut using a thin-walled plastic
tube. Due to the short focal lengths associated with
high-frequency transducers (Table 1), the thickness of
the TMM slices was constrained to,3.2 mm and ranged
from 1.8 to 3.2 mm.
After being cut, 11 of these cylindrical TMM sam-
ples were left uncovered and placed in a sealed container
with TMM preserving fluid. This TMM preserving fluid
was manufactured in-house (Brewin et al. 2008;
Cannon et al. 2011; Inglis et al. 2006). These samples
are referred to as unwrapped TMM (UTMM) (Fig. 1a).
The remaining 11 TMM samples were used to
manufacture the samples that were subsequently covered
with clear film as follows. Initially, a layer (0.015 mm
thick) of Saran Wrap film (SC Johnson, Racine, WI,
USA) was stretched over a 10-cm-diameter embroidery
ring. A fast-hardening epoxy (Araldite Rapid, Huntsman
Advanced Materials, Basel, Switzerland) was then
applied to one side of a PVC ring (2 mm thick, 5.8 mm
in outer diameter), and the stretched SaranWrap was low-
ered onto the PVC ring. This was left to set overnight. The
TMM was then manufactured as described above. After
setting and being cut, the 11 samples were placed into
the PVC rings. Five drops of TMM preserving fluid was
added to the surface of the TMM to ensure good acoustic
coupling between the film and the TMM, and a second
layer of Saran Wrap was glued to the other side of the
ring, similar to that described above, such that the
TMM slices were ‘‘sandwiched’’ between the two films
and thereby film wrapped (FTMMs). These final film-
wrapped samples were left to set overnight. Finally,
epoxy was used to seal the edges of the film–ring–film
to ensure the FTMMs did not leak. This was re-
enforced with insulating tape to ensure that the film
would not peel off during the 1-y period of investigation
(Fig. 1b). These FTMMswere preserved in a box with tis-
sue paper moistened with TMM preserving fluid to create
a humid TMM preserving fluid-saturated environment. In
a similar manner, a water test cell was manufactured
whereby the TMM was replaced by degassed, de-
ionised water in the manufacturing process.
Experimental setup of Vevo 770 pre-clinical ultrasound
scanner
In this study, the radiofrequency (RF) data were
collected and analysed from 11 FTMMs and 11 UTMMs.
To measure the acoustic properties, the FTMMs were
submerged in a tank filled with degassed, de-ionised
Fig. 1. (a) Unwrapped tissue-mimickingmaterial (UTMM); the arrow indicates the identification mark on the sample. (b)
Film-wrapped tissue-mimicking material (FTMM).
Fig. 2. Experimental setup comprising a high-frequency ultra-
sound scanner (Vevo 770) used at the University of Edinburgh
and scanning acoustic macroscope (SAM) system used at the
Dublin Institute of Technology.
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water as the reference medium, whereas for the UTMM
measurements, the tank was filled with TMM preserving
fluid. For both measurements, a polymethylpentene
(TPX, Boedeker Plastics, TX, USA) reflector 2.5 cm in
diameter and 5mm thick was located beneath the samples
at the focal position of each transducer, as illustrated in
Figure 2.
Measurements were made with four transducers
(Table 1) at 10% output power, using a high-frequency ul-
trasound scanner Vevo 770. This power output was
considered sufficient signal magnitude to obtain good
signal-to-noise data without the generation of significant
non-linear effects (Sun et al. 2012). The regions of inter-
est (ROIs) were located at the upper surface of the TPX
reflector with and without the sample in place and from
the lower and upper surfaces of each sample. For each
measurement, the RF data were collected from 10 scan
lines within these pre-selected ROIs at four different po-
sitions on the FTMMs or UTMMs. The data were ana-
lysed off-line using a MATLAB script (MATLAB
R2013 The MathWorks, Natick, MA, USA). The calcu-
lated angular separation between the RF acquisition lines
is approximately 0.15#, so the lines were considered par-
allel and perpendicular to the TPX reflector. For the
FTMMs, identical acoustic measurements were also
taken through the water test cell to take into account po-
tential reflections from the Saran Wrap interfaces and to
obtain absolute values of attenuation (Cannon et al. 2011;
Sun et al. 2012).
The performance of both FTMMs and UTMMs was
assessed over a 1-y period at approximately 0, 6 and
12 months time-points.
The 3-dB bandwidth of each transducer (Table 1)
was measured from the frequency spectra taken from
the TPX reflector in a degassed, de-ionised water tank
without the sample in place, where the reflector was
placed at the focal length of the transducer.
Analysis of speed of sound, thickness and attenuation
data of FTMM and UTMM samples
The analysis of FTMMs was performed based on a
broadband pulse-echo substitution technique (American
Institute of Ultrasound in Medicine [AIUM] 2014). The
pulse-echo return times from the front and rear surfaces
of the FTMMs and from the front surface of the TPX
reflector were used to determine the thickness and SoS
of the samples. The magnitude of these pulse echoes
was used to calculate the attenuation. In addition, the
echoes from the TPX reflector with the water test cell
were acquired. These data were then used to calculate
the SoS, thickness and attenuation of the FTMM samples
in a manner similar to that described in Sun et al. (2012).
For the SoS and thickness of the UTMMs, the mea-
surement and analysis were carried out as for the
FTMMs. However, because the UTMMs were not wrap-
ped in SaranWrap, no water test cell was required and the
reference measurements from the TPX were taken
through the bath of TMM preserving fluid. The absence
of Saran Wrap meant that the magnitude of the echoes
from the boundaries of the TMM was reduced. This
necessitated manual selection of the position of the
boundaries from the raw RF signals, which was accom-
plished by selecting the largest pulse echo at each inter-
face of the UTMMs. The criterion for this was that the
peak selected was at least 100% greater than the magni-
tude of the previous peak within a 2-ms time window.
This procedure was carried out for each of the 10 lines
of raw RF signal inside the ROI of the UTMMs, enabling
the thickness of the sample to be determined at each of
these positions. In addition, the thickness of the UTMMs
wasmeasuredmanually in five different positions on each
UTMM with a digital calliper (DURATOOL, Taiwan,
0–150 mm). Each sample was placed between two plastic
plates of known thickness to avoid excessive compression
of the UTMMs (Brewin et al. 2008; Rajagopal et al.
2014). This was performed at the initial time point
before the acoustic measurements commenced.









where TR is the time from the transducer to the TPX in the
tank with no sample in the acoustical path; TTMMR is the
time from the transducer to the TPX reflector through
the sample; TTMMLw and TTMMUp are the times from the
transducer to the lower and upper surfaces, respectively,
of the sample; and SoSTMMfluid is the SoS of the TMM
preserving fluid in which the samples were immersed.
Attenuation of the UTMMs was calculated in a
manner similar to that for FTMMs, but without the use
of the water test cell, to compensate for the interfacial
attenuation loss.
Acoustical properties of TMM preserving fluid and
degassed, de-ionised water
The acoustic properties of the TMM preserving fluid
were measured by the National Physical Laboratory. The
SoS was found to be 1538.156 0.22 m/s at 19.36 0.1#C,
and a second-degree polynomial function was fitted to the
attenuation data (a [dB/cm]) as a function of frequency
(f [MHz]) as aTMMfluid 5 0.00309f
2
2 0.004996f
(R2 5 0.99) over the frequency range 1–60 MHz.
The acoustic properties of the degassed, de-ionised
water have previously been measured and found to have
an attenuation proportional to f2 over the range 7.5–
67.5 MHz (Duck 1990; Pinkerton 1949). Furthermore,
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the SoS of degassed, de-ionised water varies with temper-
ature (Bilaniuk and Wong 1992; Del Grosso and Mader
1972). In this study, all measurements were undertaken
at 22.2 6 0.5#C with a SoS of 1488.88 m/s.
Experimental setup and data analysis using the SAM
system
The SAM system (Dublin Institute of Technology)
uses broadband transducers that work as both transmitter
and receiver (Olympus NDT, Waltham, MA, USA). The
experimental setup was similar to that used with the
Vevo 770 (Fig. 2). Three different transducers were
used (Table 1), and the 3-dB bandwidth was measured
as for the transducers of the Vevo 770.
A pulser-receiver (Model 5052 PR, Panametrics,
Waltham, MA, USA) was used to transmit and receive
the pulses. The received reflected pulse was digitised
and captured using a data acquisition card (PCI-5144:
National Instruments, Austin, TX, USA), with the data
acquisition controlled by a LabView (National Instru-
ments) program.
The SAM system displayed the RF data in real time
during the measurements. Ten lines of data were acquired
from each of four different positions on the TPX reflector
with and without the sample (FTMM or UTMM) in place.
The calculations of the SoS and attenuation coeffi-
cient were also based on the broadband pulse-echo substi-
tution technique. However, here the thickness of the
sample was inputted into the calculation of SoS and atten-
uation coefficient. The thickness value input for each
FTMM andUTMMwas themean of the 10 different mea-
surements at each of eight locations calculated using the
four transducers of the Vevo 770" ultrasound scanner.
At all time points, measurements taken with the
Vevo 770 were performed before measurements with
the SAM system.
Unpreserved samples, batch-to-batch variation and
repeatability of the UTMMs
The acoustic properties of two UTMM slices were
measured identically to the UTMMs described previously
using the RMV704 transducer (centre frequency
40 MHz) (Table 1). Measurements were undertaken
initially and then approximately once every 24-h over a
96-h period. However, between measurements, the sam-
ples were left exposed to the air. These samples will be
referred to as unpreserved samples.
An indication of TMM batch-to-batch variability
was assessed by measuring the acoustical properties of
6 UTMMs manufactured from a different batch of
TMM. These samples will be referred to as UTMM2
and had a mean thickness of 2.016 0.05 mm as measured
using the Vevo 770 scanner. The acoustical properties
were measured with the Vevo 770 and with the SAM sys-
tem at the 6 and 12 month time points.
Data analysis was performed as for the 11 UTMMs
described above.
To assess the repeatability of the measurement sys-
tem, the acoustic properties of the 11 UTMMs were
measured with one transducer RMV710 with the Vevo
770 at five different times over a 1-month period. The
reference medium was TMM preserving fluid. The tem-
perature for these measurements was 22.0 6 0.4#C.
RESULTS
The mean thicknesses of the FTMMs and UTMMs
calculated using the RF ultrasound signals from the
Vevo 770 over all the time points had maximum varia-
tions of 0.25 and 0.08 mm, respectively. The thicknesses
of the 11 UTMMsmeasured with the digital calliper had a
maximum variation of 0.03 mm.
Table 2 lists the mean SoS values of FTMMs and
UTMMs at each time point. It can be seen that the SoS
of the FTMMs exhibited larger variability than the SoS
of the UTMMs. With Student’s t-test it was found that
the mean SoS values of the FTMM and UTMM samples
did not statistically differ (p. 0.5) at the 0 time point, but
did significantly differ (p , 0.05) at the remaining time
points. The results after 1-y indicated that the SoS of
FTMMs decreased 22.1 m/s compared with the first mea-
surement at 0 months, whereas the SoS of the UTMMs
decreased 4.1 m/s over the same 12-month period. The
SoS of UTMM2 samples calculated over a 6-month
period exhibited a decrease from 1558.1 6 5.3 to
1544.8 6 3.3 m/s, with a difference of 13.3 m/s.
Table 3 lists the mean SoS values averaged over all
time points for each of the measurement systems. It was
found that the SoS measurements obtained with the SAM
system had smaller variability than SoS measurements
obtained with the Vevo 770 for FTMMs and UTMMs.
The mean values over all samples over all time points, us-
ing both measurement systems, were 1538.2 6 14.5 m/s
for the FTMMs and 1544.0 6 3.5 m/s for the UTMMs
Table 2. Speed of soundmeasured with the Vevo 770 and
SAM system at each time point for the FTMM and
UTMM samples
Speed of sound (m/s)*
0 months 6 months 12 months
FTMM 1547.4 6 19.2* 1547.2 6 21.5 1525.5 6 16.5
UTMM 1545.9 6 10.4 1544.2 6 11.0 1541.8 6 1.6
SAM 5 scanning acoustic macroscope; FTMM 5 film-wrapped
tissue-mimicking material; UTMM 5 unwrapped tissue-mimicking
material.
* Mean 6 standard deviation.
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(Table 4). The mean SoS for UTMM2 samples was found
to be 1551.4 6 6.2 m/s. Table 4 also outlines the SoS re-
sults in comparison with those values published for IEC
agar TMM (Brewin et al. 2008; Browne et al. 2003;
IEC, 2001; Rajagopal et al. 2014; Sun et al. 2012). The
mean SoS values of the FTMMs and UTMMs are
within the values specified by the IEC (2001).
Figures 3 and 4 illustrate attenuation as a function of
frequency for the FTMMs and UTMMs, respectively, at
0, 6 and at 12 months, measured using the seven
different transducers. The variation in mean attenuation
values for the UTMMs is small in comparison to the
variation observed in mean attenuation values for the
FTMMs.
Figures 5 and 6 illustrate the mean attenuation data
over the frequency range 4.5–50 MHz, averaged over
all 11 FTMMs and over all 11 UTMMs and time
points, respectively.
The batch-to-batch variation of TMM was assessed
with the UTMM2 samples (2.016 0.05 mm thick). These
samples were measured with both the Vevo 770 and SAM
system (at 6 and 12 months). The mean SoS of UTMM2
samples was found to be 0.44% higher (7.4 m/s) than the
mean SoS of the 11 UTMMs. For attenuation, the
UTMM2 samples were found to have a maximum differ-
ence of 61 dB/cm in mean attenuation across the fre-
quency range illustrated in Figure 7.
After 96 h of exposure to air, the unpreserved samples
were visibly dehydrated. The mean thickness of the two
samples had decreased by 1.22 mm, and the diameter
had decreased by 1.5 cm. Additionally, the SoS was found
to have increased by 140 m/s for sample 1 and 180 m/s for
sample 2 over the entire period. The attenuation was found
to have increased by approximately 10 dB/cm per day.
In the assessment of repeatability, the mean SoS
over the fivemeasurements for the 11 UTMMswas calcu-
lated to be 1543.0 m/s with a range of 611.0 m/s. The
mean SoS was found to be smaller by 1 m/s compared
with the mean SoS calculated using all the transducers
at all time points (Table 4) of the UTMMs. The variation
in attenuation as a function of frequency was 61 dB/cm
over the frequency range of the Vevo770 RMV710 B
probe.
Polynomial functions were calculated for attenua-
tion as a function of frequency at each time point for
the FTMMs and UTMMs. The best-fit polynomial func-
tion was determined over all attenuation-versus-
frequency data in the range 4.5–50MHz as a combination
of Vevo 770 and SAM system data over all time points
(Fig. 8). The polynomial fits found were 0.4649f 1
0.007363f2 (R2 5 0.80) for FTMMs and 0.4897f 1
0.008366f2 (R2 5 0.99) for UTMMs. The goodness of
fit (R2) of the three polynomial fits at each of the three
time points for the FTMMs ranged between 0.78 and
0.92, whereas for the UTMMs, R2 ranged between 0.96
and 0.99. In addition, in Figure 8, for comparison, the
attenuation data of the IEC agar TMM from studies
already published is included.
DISCUSSION
This aim of this study was to develop a robust and
easy-to-use technique for the characterisation and preser-
vation of IEC agar TMM and to compare the acoustic
properties obtained using this modified technique with
those obtained with the standard technique over a 1-y
period.
The thickness used in the calculation of SoS from
the SAM system was the mean of thicknesses measured
with the Vevo 770 ultrasound scanner at eight different lo-
cations on the UTMMs (10 lines at each position).
Table 3. Speed of sound over all time points of 11
FTMM and 11 UTMM samples measured with the four
transducers of the Vevo 770 and the three transducers of
the SAM system
Speed of sound (m/s)*
Vevo 770 SAM system
FTMM 1539.6 6 17.1* 1536.3 6 10.3
UTMM 1542.9 6 3.6 1545.3 6 3.0
SAM5 scanning acousticmacroscope; FTMM5 film-wrapped tissue-
mimicking material; UTMM 5 unwrapped tissue-mimicking material.
* Mean 6 standard deviation.
Table 4. Comparison of speeds of sound measured in this study with the published data
Source Type of sample Speed of sound (m/s)* Frequency range (MHz)
IEC 2001 1540 6 15 2–10
Browne et al. 2003 UTMM measured in degassed water 1546.5 6 3 2.25–15
Brewin et al. 2008 UTMM measured in degassed water 1537 6 2.6 17–23
FTMM 1540.9 6 8.7
Sun et al. 2012 FTMM 1547.8 6 3.7 10–47
Rajagopal et al. 2014 FTMM 1544 6 3.1 1–60
This study FTMM 1538.2 6 14.5 4.5–50
UTMM measured in TMM preserving fluid 1544.0 6 3.5
FTMM 5 film-wrapped tissue-mimicking material; UTMM 5 unwrapped tissue-mimicking material.
*Mean 6 standard deviation.
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Although this mean thickness was used, the standard de-
viations (SD) of the SoS values from the SAM system
were smaller than the SD variation calculated using the
Vevo 770 (Table 4), which suggests that the use of this
mean thickness in the SAM system measurements did
not contribute significantly to the experimental error.
The acoustic properties of the UTMMs were
measured in TMM preserving fluid whose acoustical
properties were assessed by the National Physical Labo-
ratory at 19.36 0.1#C, whereas the UTMMs in this study
were measured at 22.2 6 0.5#C. The TMM preserving
fluid is composed of the same fluid as used in the TMM
manufacturing process, and Brewin et al. (2008) has pre-
viously reported a TMM SoS temperature dependence of
2.1 m/s/#C. Consequently, there is likely to be a
maximum variation of 6 m/s in the SoS of the TMM pre-
serving fluid, which could be attributable to the tempera-
ture change. Such a change would result in a potential
Fig. 3. Attenuation measured with the Vevo 770 and scanning acoustic macroscope (SAM) system of 11 film-wrapped
tissue-mimicking material (FTMM) slices at 0, 6 and 12months as a function of frequency. Each line represents one of the
seven different transducers used at each time point: RMV704 (18–40 MHz), RMV707 B (12–32 MHz), RMV710 B (12–
28 MHz), RMV711 (25–50 MHz), V320 (4.5–9 MHz), V317 (14–25 MHz), V390 (20–40 MHz).
Fig. 4. Attenuation measured with the Vevo 770 and scanning acoustic macroscope (SAM) system of 11 unwrapped
tissue-mimicking material (UTMM) slices at 0, 6 and 12 months as a function of frequency. Each line represents one
of the seven different transducers used at each time point: RMV704 (18–40 MHz), RMV707 B (12–32 MHz),
RMV710 B (12–28 MHz), RMV711 (25–50 MHz), V320 (4.5–9 MHz), V317 (14–25 MHz), V390 (20–40 MHz).
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error of ,7 m/s in the measured SoS of the UTMMs.
Nevertheless, the SoS values of the UTMM were found
to be in good agreement with those of Rajagopal et al.
(2014), Sun et al. (2012) and Brewin et al. (2008).
Furthermore, the SoS of the UTMMs was found to
decrease by 4.1 m/s over a 12-months period compared
with that of the FTMMs, indicating a decrease in the
mean SoS of 22.1 m/s over the same period. Additionally,
the standard deviation of the mean SoS values for FTMM
samples was larger than that for UTMM samples at all
time points. There may be a number of reasons for this
increased variation in SoS values for the FTMMs in com-
parison to the UTMMs. First, although a visual inspection
was performed on each of the FTMMs before each acous-
tical measurement and no evidence of leakage was
observed, in several samples, the epoxy securing the
film to the rings exhibited signs of ageing and the Saran
Wrap film appeared to become less taut over the 1-y
period. This could have potentially increased the perme-
ability of the film, allowing the glycerol from the TMM to
Fig. 5. Attenuation as a function of frequency averaged over all time points. Data set: 11 film-wrapped tissue-mimicking
material (FTMM) slices measured in degassed, de-ionised water with the Vevo 770 and scanning acoustic macroscope
(SAM) system in the frequency range 4.5–50 MHz.
Fig. 6. Attenuation as a function of frequency averaged over all time points. Data set: 11 unwrapped tissue-mimicking
material (UTMM) slices preserved and measured in TMM preserving fluid with the Vevo 770 and scanning acoustic mac-
roscope (SAM) system in the frequency range 4.5–50 MHz.
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leach into thewater medium, resulting in a decrease in the
measured SoS properties of the FTMM. However,
although a decrease in SoS in FTMMs was measured be-
tween 0 and 12 months, the SoS did not decrease contin-
uously over the 1-y period, which would suggest that the
measured variation is not likely to be attributable to glyc-
erol leakage. Second, for the FTMMs, the position of the
water–film interfaces was selected using MATLAB code
based on identification of the position of the maximum
rectified RF signal, and it was assumed that this signal
also marked the TMM interface. Although this is a
reasonable assumption, if any of the FTMM samples
were subject to shrinkage (by drying out) over the 1-y
period, this would represent a potential source of error.
The SoS results of both FTMMs and UTMMs in this
study were compared with previously published work
(Table 4). It is seen that the UTMM mean SoS values
are in good agreement with those published, whereas
Fig. 7. Attenuation as a function of frequency averaged over all time points for the 6 UTMM slices manufactured from a
different batch of TMM (UTMM2). Data set: 6 UTMM2 slices preserved and measured in TMM preserving fluid with the
Vevo 770 and scanning acoustic macroscope (SAM) system at 6 and 12 months in the frequency range 4.5–50 MHz.
Fig. 8. Polynomial curve fit of all attenuation data as a function of frequency and the attenuation (compensated for the
attenuation in water) of tissue-mimicking material (TMM) at 2–10 MHz (IEC 2001), 17–23 MHz (Brewin et al. 2008),
2.25–15 MHz (Browne et al. 2003), 6–15 MHz (Inglis et al. 2006), 10–47 MHz (Sun et al. 2012) and 1–60 MHz
(Rajagopal et al. 2014). Attenuation as a function of frequency is also provided for the TMM preserving fluid and de-
gassed, de-ionised water.
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the mean FTMM SoS values were 5.8 m/s smaller
compared with those of Rajagopal et al. (2014) and up
to 9.6 m/s smaller compared with those of Sun et al.
(2012). In Rajagopal et al. (2014), the manufacture of
FTMM was achieved by sandwiching the TMM slice be-
tween two sheets of Mylar ($12 mm thick) affixed into
Perspex frames, whereas in Sun et al. (2012), the manu-
facture of the FTMM was similar to the method used in
this study (referred to as TMM test cells in that study).
However, in Rajagopal et al. (2014), even though the
acoustic measurement was completed relatively quickly
(within seconds), the edges of the TMM were not
covered, which is likely to have led to some undefined
glycerol leakage and to have potentially affected the
measured acoustical properties. Furthermore, in Brewin
et al. (2008), the acoustical properties of two different
batches of TMM with a thickness ranging from 3 to
12.7 mm were measured over a 3-y period. In Brewin
et al. (2008), the first batch consisted of TMM samples
not protected by a film and measured in double degassed,
de-ionised water. Because glycerol leached from the sam-
ples in this batch, the SoS was found to decrease by 2.1 m/
s/#C. The second batch consisted of TMM samples pro-
tected by Saran Wrap and also measured in water. With
this method, thinner samples (3 mm) displayed the largest
SoS variation of 13.4 m/s. This value is comparable to the
SD found in this study for the FTMMs (Table 4), but
considerably higher than that measured for the UTMMs.
Figures 3 and 4 illustrate the attenuation of FTMMs
and UTMMs, respectively, at 0, 6 and 12 months. It can
be observed that there is a much larger variation in the
attenuation measurements obtained from the FTMMs
than in those from the UTMMs. In both the lower (4.5–
9 MHz) and higher (40–50 MHz) frequency ranges, the
data displayed were obtained with a single transducer.
Nevertheless, the attenuation versus frequency for the
FTMMs would suggest that with increasing frequency,
there is an increasing difference in measured mean
attenuation values between the 6-month data and 0- and
12-month data. The maximum difference, 7 dB/cm,
occurred over the frequency range 30–42 MHz, and the
minimum difference occurred in the range 15–19 MHz.
For the UTMMs, a maximum variation of 2 dB/cm was
observed across the time points, at a frequency of
47 MHz, and a minimum variation was observed from
37 to 47 MHz.
Moreover, the difference in mean attenuation values
between the UTMMs and FTMMs would suggest that
despite compensation for the effects of the Saran Wrap,
some additional acoustic effects were introduced that
were not fully compensated using the Saran-wrapped
reference water test cell. These effects are unlikely to be
due to the difference in non-linear effects between water
and TMM preserving fluid as it has previously been re-
ported (Sun 2012) that even in water, at these output
powers, the second harmonic component of the ultrasound
beam is at least 30 dB smaller in magnitude than the first
harmonic (fundamental). Because non-linear effects are
easier to generate in water than in the TMM preserving
fluid, it is unlikely that non-linearities are significantly
greater than the experimental errors identified.
Figures 5 and 6 illustrate the mean attenuation of the
11 FTMMs and 11 UTMMs across the seven different
transducers and measured three times during the 1-y
period. The FTMMs (Fig. 5) exhibited greater variability
($15 dB/cm) across samples and transducers. This may
be the result of inadequate acoustical correction for the
interface layers when using the reference water test
cell, leading to an increased uncertainty in the attenuation
measurements in addition to the factors previously
described. The UTMMs (Fig. 6) exhibited good consis-
tency and little variability in attenuation over the fre-
quency range 4.5–50 MHz.
Polynomial fits from FTMM and UTMMs were in
good agreement with previous studies in the frequency
ranges of 17–23 MHz (Brewin et al. 2008), 10–47 MHz
(Sun et al. 2012) and 1–60 MHz (Rajagopal et al. 2014).
The polynomial fits were also in good agreement at lower
frequencies, 4.5 to 10 MHz, as reported by the IEC (2001)
and other studies (Browne et al. 2003; Inglis et al. 2006), as
illustrated in Figure 8. The attenuation from FTMMs and
UTMMs does not increase linearly with frequency as indi-
cated by the quadratic terms of the polynomial fit. This
quadratic term was found to be 0.0073 for FTMMs and
0.0083 for UTMMs, which are in good agreement with
the 0.0076 reported by Sun et al. (2012) and with 0.0081
reported by Rajagopal et al. (2014).
Finally, the unpreserved samples displayed signifi-
cant visual degradation and changes in SoS and attenua-
tion over the 96 h. These results are consistent with those
of Brewin et al. (2008), who also reported shrinking and
hardening of TMM samples that were not preserved.
CONCLUSIONS
In this study, we evaluated two different measure-
ment techniques for assessing the temporal stability of
the acoustic properties of the IEC agar TMM over the fre-
quency range 4.5–50 MHz. In the first technique, thin sli-
ces werewrapped and stored in SaranWrap andmeasured
in degassed, de-ionised water. In the second technique,
thin slices of TMM were preserved and measured in
TMM preserving fluid. Measurements were undertaken
over a 1-y period. The measured SoS values of an IEC
agar TMMcalculated with the Vevo 770 and SAM system
were found to be 1538.2 6 14.5 m/s for the FTMMs and
1544.0 6 3.5 m/s for the UTMMs. For FTMMs the SoS
results were ,10 m/s lower compared with those
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published. The acoustic properties of UTMMs (SoS and
attenuation values) were found to be in good agreement
with results in earlier studies by Brewin et al. (2008)
over the range 17–23 MHz, Sun et al. (2012) over the
range 10–47 MHz and Rajagopal et al. (2014) over the
range 1–60 MHz. Nevertheless, the results for both
FTMMs and UTMMs were consistent at low frequencies
(Browne et al. 2003; Inglis et al. 2006) and within the
range provided by the IEC (2001). However, the attenua-
tion coefficient was found to be non-linear as a function
of frequency. The attenuation was found to increase as
0.4649f 1 0.007363f2 for FTMMs and as 0.4897f 1
0.008366f2 for UTMMs with increasing frequency. This
second-degree polynomial fit was derived based on the
data generated in this study using two different measure-
ment systems and was found to be able to estimate the
attenuation of this IEC agar TMM in the frequency range
4.5–50 MHz. The quadratic term was also found to be in
good agreement with previous studies.
Finally, this study indicated that using UTMM sli-
ces, maintained and measured in TMM preserving fluid,
results in approximately four times smaller SD values
for the SOS and up to five times smaller variation for
the attenuation values compared with the common
method using FTMM slices measured in degassed, deion-
ised water. This suggests that despite compensation
within the calculation of the attenuation effects of the
Saran Wrap, additional acoustic effects are introduced
that are not fully compensated using the standard tech-
nique (FTMMs). Moreover, this study has also brought
into question the validity and subsequent stability of en-
casing gel TMM QA phantoms in a sealed film-dry
environment.
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Abstract—Quality assurance phantoms are made of tissue-mimicking materials (TMMs) the acoustic properties
of which mimic those of soft tissue. However, the acoustic properties of many soft tissue types have not been mea-
sured at ultrasonic frequencies >9 MHz. With the increasing use of high-frequency ultrasound for both clinical
and pre-clinical applications, it is of increasing interest to ensure that TMMs accurately reflect the acoustic prop-
erties of soft tissue at these higher frequencies. In this study, the acoustic properties of ex vivo brain, liver and
kidney samples from 50 mice were assessed in the frequency range 12–32 MHz. Measurements were performed
within 6 min of euthanasia in a phosphate-buffered saline solution maintained at 37.2 ± 0.2 °C. The measured mean
values for the speed of sound for all organs were found to be higher than the International Electrotechnical Com-
mission guideline recommended value for TMMs. The attenuation coefficients measured for brain, liver and kidney
samples were compared with the results of previous studies at lower frequencies. Only the measured kidney at-
tenuation coefficient was found to be in good agreement with the International Electrotechnical Commission guideline.
The information provided in this study can be used as a baseline on which to manufacture a TMM suitable for
high-frequency applications. (E-mail: adela.rabell@ed.ac.uk) © 2018World Federation for Ultrasound in Medicine
& Biology. All rights reserved.
Key Words: Ultrasound, High frequency, Mice, Brain, Liver, Kidney, Speed of sound, Attenuation.
INTRODUCTION
The purpose of tissue-mimicking materials (TMMs) is to
mimic the acoustic properties of soft tissue. Currently, the
International Electrotechnical Commission (IEC 2001)
guideline recommends standard values for the speed of
sound (SoS) (1540 ± 15 m/s) and an attenuation coeffi-
cient for TMM of 0.5 ± 0.05 dB/cm at frequencies up to
10 MHz. Also, the International Commission on Radiation
Units and Measurements (ICRU 1998) reports that for non-
fatty tissues, the attenuation at 1 MHz should be 0.6 dB/
cm. With the increasing use of high-frequency ultrasound
in both clinical (2–15 MHz) and pre-clinical (>15 MHz)
(Banchhor et al. 2016; Cook et al. 2011; Machet et al. 2009;
Moran 1995; Rhee 2007; Schmitt et al. 2010; Sundholm
et al. 2015; Xu et al. 2012) imaging applications, there
is a need to extend the frequency range of these recom-
mended acoustic values. Furthermore, the development of
phantoms that incorporate TMMs that realistically mimic
the acoustic properties of small animal soft tissue will
enable a reduction in the use of small animals to opti-
mize ultrasound imaging techniques.
The acoustic properties of brain, liver and kidney,
among other organs, have previously been measured in
small animals (Foster et al. 2000; Frizzel and Gindorf 1981;
Goss et al. 1979; Gray et al. 2013; Szabo 2014; Tervola
et al. 1985), humans (Bamber and Hill 1979; Bamber 1981;
Kremkau et al. 1981; Ludwig 1950; Parker 1983;
Rajagopalan et al. 1979; Sehgal et al. 1986) chickens
(Martínez-Valdez et al. 2015) and mammals (Bamber et al.
1977; Ghoshal et al. 2011; Goss et al. 1979; López-Haro
et al. 2010; Martial and Cachard 2007). These studies mea-
sured the acoustic properties up to 9 MHz at either room
temperature (22 °C–26 °C) or human body temperature
(37 °C). Wirtzfeld et al. (2015) measured the extracellu-
lar matrix (ECM) attenuation coefficient of murine liver
and kidney across the frequency range 15–35 MHz using
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a decellularized method and found that the ECM of the
organ contributes to the ultrasonic properties. Addition-
ally, Frizzel and Gindorf (1981), O’Brien (1988) and
Tervola et al. (1985) performed very high frequency acous-
tical measurements up to 100 MHz using a scanning laser
acoustic microscope (SLAM). Measurements performed
at 100 MHz were undertaken at room temperature
(20 °C–26 °C).
It has been reported that the SoS and attenuation co-
efficient of soft tissue increase with increasing temperature
(Bamber and Hill 1979; Ghoshal et al. 2011; López-Haro
et al. 2010; Rajagopalan et al. 1979; Suomi et al. 2016).
However, there is no further increase in the SoS in soft
tissue above 50 °C (Duck 2012). Furthermore, it is well
known that ex vivo soft tissue samples deteriorate with time
after excision as gas bubbles form within the tissue, af-
fecting its acoustic properties (Bamber 1981; Duck 2012).
To prevent this, soft tissue should be excised and mea-
sured as soon as possible after euthanasia or stored at 4 °C
(Bamber et al. 1977; Bamber and Nassiri 1985; Foster and
Hunt 1979).
The acoustic properties of soft tissue have also been
measured in vitro or by embedding the organ sample in
an ultrasound-compatible acoustic material such as TMM
(Bamber and Hill 1979; Bamber et al. 1977; Goss et al.
1979; Martínez-Valdez et al. 2015; Muleki-Seya et al. 2016;
Sundholm et al. 2015; Suomi et al. 2016), but very few
experiments have been undertaken using ex vivo tissue
(Kumagai et al. 2014) or in vivo tissue (Kagadis et al. 2010;
Zderic et al. 2004).
To address the current limited data on the acoustic
properties of soft tissue, the study described here sought
to measure the acoustic properties of ex vivo mouse brain,
liver and kidney immersed in phosphate-buffered saline
(PBS, Sigma-Aldrich, Saint Louis, MO, USA) at 37 °C,
over the frequency range 12–32 MHz.
METHODS
Soft tissue sample preparation
We analyzed 20 brains, 20 livers and 20 kidneys from
50 recently euthanized healthy male C57BL/6 mice, a
common inbred laboratory mouse strain. The mice were
euthanized by cervical dislocation under the auspices of
the Animals (Scientific Procedures) Act 1986 (Schedule
1) approved by the University of Edinburgh Animal Welfare
and Ethical Review Board (AWERB). Within 6 min of eu-
thanasia, the organs were extracted and sliced in either the
coronal or transverse plane, and their acoustic properties
were measured. Excised mouse tissues were sliced using
a 1-mm adult rat brain acrylic slicer matrix (Zivic Instru-
ments, Pittsburgh, PA, USA).
Twenty brains were excised and sliced in the frontal
plane at the superior colliculus, which included the cere-
bral cortex (Fig. 1a). For brain tissue, the sample thickness
was 3 mm, as thinner samples tended to disintegrate during
handling. Acoustical measurements were made in the center
of each sample, within the grey matter. Twenty murine left
lateral liver lobes were excised and sliced in the coronal
plane, to a thickness of 2 mm (Fig. 1b). Twenty kidneys
from 10 mice were excised and sliced (2 mm) as follows:
the right kidney was sliced in the coronal plane (Fig. 1c),
and the left kidney was sliced in the transverse plane
(Fig. 1d). Acoustical measurements were undertaken in the
center of each sliced kidney sample in an endeavor to ensure
location within the medulla of the kidney. Only one tissue
sample was collected from each organ. The lateral (radial)
dimensions of the samples were 0.5 cm for brain, 1 cm
for liver and 0.5 cm for both dissection planes in the kidney.
Experimental setup using the high-frequency Vevo 770
ultrasound scanner
A temperature-controlled water-filled reservoir (Grant
Instruments, Cambridge, UK) with dimensions of
15 × 33 × 19 cm was used to heat phosphate-buffered saline
(PBS; Sigma-Aldrich, Saint Louis, MO, USA) to
37.2 ± 0.2 °C. A smaller glass container (10 × 8 × 7.5 cm
and 0.6 cm thick) was placed inside the water reservoir.
A 1-cm layer of acoustic absorber (Aptflex F28, Preci-
sion Acoustics, Dorset, UK) was fixed at the bottom of
the glass container. A 2.5-cm-diameter, and 5-mm-thick
cylindrical acoustic reflector made from polymethylpentene
(TPX; Boedeker Plastics, Shiner, TX, USA) was glued to
the absorber. A 1-mm-thick, 2.5-mm-inner-diameter, 2.5-
cm-outer-diameter circular washer made of the acoustic
absorber was attached to the top surface of the TPX re-
flector, as illustrated in Figure 2. The circular washer acted
as a tissue holder and ensured there was a space between
the soft tissue sample and the TPX reflector. The aim of
this separation was to allow the echoes from the tissue and
from the TPX reflector to be differentiated during later
analysis.
Acquisition and analysis of the acoustic data
Radiofrequency (RF) data from 60 soft tissue samples
were acquired using a single-element, high-frequency probe
RMV707 B attached to the Vevo 770 ultrasound scanner
(Visualsonics, Toronto, ON, Canada). The RMV707 B
probe has a center frequency of 30 MHz, focal depth of
12.7 mm and 3-dB bandwidth from 12 to 32 MHz (Rabell
Montiel et al. 2017). The acoustic properties of the soft
tissues were measured while immersed in PBS at
37.2 ± 0.2 °C. The TPX reflector was located at the focal
point of the probe (Fig. 2). Data were collected at 10%
of maximum acoustic output power (peak negative pres-
sure: 1.05 MPa), which gave a satisfactory signal-to-
noise ratio while avoiding significant non-linear propagation
effects (Sun et al. 2012). By use of a broadband
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pulse-echo substitution technique (American Institute of
Ultrasound in Medicine [AIUM] 2014), the data were ana-
lyzed based on pre-selected regions of interest (ROIs).
These ROIs were located at the front and rear of the sample
and at the front surface of the TPX reflector with and
without the sample placed in the acoustical path. Acous-
tic data were acquired from 10 ultrasonic data lines
distributed equally across the ROIs, and measurements were
undertaken at 37.2 ± 0.2 °C.
After slicing, the sample was immediately im-
mersed and mounted in the tissue holder in the PBS tank,
ready for acoustic measurements to be undertaken. Precise
thickness measurements were obtained using the timing
of the echoes from the front and rear surfaces of the sample.
The tissue holder was necessary to enable these measure-
ments to be made accurately and reproducibly.
Three measurements were undertaken for each sample:
immediately after immersion in PBS (t = 0), after 5 min
(t = 5) and after 10 min (t = 10). The PBS reference fluid
was changed daily after each set of measurements. Up to
three organ samples were assessed on any given day.
Acoustic properties of PBS
The PBS was prepared according to the manufac-
turer’s recommendations (pH 7.4 at 25 °C; Sigma-Aldrich,
Fig. 1. Examples of how the brain (a), liver (b), and kidney (c and d) were sliced within 6 min after euthanasia.
Fig. 2. Experimental setup using the RMV707 B from the pre-
clinical ultrasound scanner Vevo 770 (Visualsonics, Toronto, ON,
Canada). The tissue holder (circular washer) was made from an
acoustic absorber material (Aptflex F28, PrecisionAcoustics, Dorset,
UK). PBS = phosphate-buffered saline; TPX = polymethylpentene.
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Saint Louis, MO, USA). PBS was chosen as a physio-
logic fluid to delay tissue deterioration and death and, thus,
to minimize physiologic and mechanical changes within
the tissue during the measurement period (Bader et al.
2015; Edgeworth et al. 2009; Foster and Hunt 1979;
Garcia-Duitama et al. 2016; Lay et al. 2003; Muleki-Seya
et al. 2016; Wirtzfeld et al. 2015; Worthington and Sherar
2001).
The SoS of the PBS at 37 °C was calculated using
the equation
C t t t
t t
= + ( ) − +
+ − +( )
1449 05 45 7 5 21 0 23
1 333 0 126 0 009
2 3
2
. . . .
. . . ∗ −( )( )10 35S
(1)
with a standard deviation (SD) of 0.02 m/s (Coppens 1981),
where t is the temperature of the fluid (t = T/10, T in °C),
and S is the salt concentration (in g/100 cm3). The salin-
ity of the PBS was calculated as 0.41 g/100 cm3. At 37 °C,
the SoS used in this study was calculated to be 1527.9 m/s.
The attenuation of PBS was measured using a pulse-
echo substitution technique (AIUM 2014) with an
experimental setup similar to that illustrated in Figure 2,
but without the tissue holder in place. Fifty measure-
ments were taken using the RMV707 B and Vevo 770
scanner at 10% of maximum output power. The TPX re-
flector was placed at the focal depth of the transducer.
Degassed, de-ionized water at 37 °C was placed in the glass
box to act as a reference fluid. After acoustic measure-
ment, the degassed de-ionized water was replaced with
PBS, at the same temperature. Raw RF data were collect-
ed from 10 lines within pre-selected ROIs located at the
surface of the TPX reflector and analyzed offline using a
MATLAB script (MATLAB R2013 a, The MathWorks,
Natick, MA, USA).
With DF as the distance between the transducer and
the front surface of the TPX reflector, the attenuation co-














where A f( ) and A f0 ( ) are the magnitudes of the signal
spectra from the TPX measured in degassed, de-ionized
water and PBS fluid, respectively, and DF is the dis-
tance calculated using the return time intervals of the echoes
from the TPX as described above.
This enabled the attenuation coefficient of PBS to be cal-
culated relative to degassed, de-ionized water. The SoS and the
attenuation coefficient of degassed, de-ionized water are well
documented (Bilaniuk and Wong 1992; Coppens 1981; Del
Grosso and Mader 1972; Pinkerton 1949; Rajagopal et al. 2015).
The absolute attenuation coefficient of PBS at 37 °C was cal-
culated and fitted using a second-degree polynomial as
α0
20 002127 0 02076= +. .f f (R2 = 0.99).
RESULTS
The mean age of the animal organs used in this study
was 8.5 ± 3.1 mo for brains, 6.8 ± 4.9 mo for livers and
5.2 ± 3.6 mo for kidneys. The mean weight across all mice
was 34.4 ± 6 g (minimum: 22.6 g, maximum: 45 g).
Table 1 lists the mean SoS values at t = 0 and then
at the t = 5 and t = 10 min intervals for brain, liver and
kidney tissue samples. It can be seen that the variation in
SoS as a function of time was less than 1.5 m/s across the
soft tissue samples. Although the SD of the mean SoS
values increased for the brain and the liver samples in the
last measurement (approximately 16 min after euthana-
sia), Student’s t-test did not reveal that these values were
statistically different (p > 0.5) at t = 0, t = 5 or t = 10.
The mean and SD of the SoS values of the 20 soft tissue
samples from brain, liver and kidney are listed in Table 2.
The difference in SoS between the centers of the left
and right kidney samples (different dissection planes) was
0.97 ± 0.69 m/s.
Figures 3, 4 and 5 illustrate the mean attenuation versus
frequency at each time point for brain, liver and kidney
respectively. The displayed SD was calculated from the
mean attenuation data averaged over all time points. A
second-degree polynomial fit was calculated to be the best
fit over all the mean attenuation-versus-frequency data. The
goodness of fit (R2) for the mean attenuation-versus-
frequency data over all time points varied between 0.70
and 0.85 for the small animal soft tissue. The best fits were
found to be for the attenuation-versus-frequency data of
brain tissue (R2 = 0.85) and kidney tissue (R2 = 0.83).
Figures 3, 4 and 5 also illustrate the polynomial fit
calculated from the data of 20 brains, 20 livers and 20
kidneys, respectively. The polynomial fit was found to be
Table 1. Speed of sound measured within 6 min
post-euthanasia (t = 0) and then at t = 5 and t = 10 min
using a Vevo 770 pre-clinical ultrasound scanner over
the frequency range 12–32 MHz
Organ
Speed of sound (m/s), mean ± SD
t = 0 t = 5 min t = 10 min
Brain 1565.9 ± 9.6 1566.1 ± 9.5 1566.9 ± 11.2
Liver 1604.4 ± 16.5 1603.8 ± 15.9 1604.7 ± 18.2
Kidney 1575.3 ± 10.8 1574.8 ± 11.9 1574.1 ± 9.5
Table 2. Speed of sound of small animal soft tissue
samples measured using the Vevo 770 pre-clinical
ultrasound scanner over the frequency range
12–32 MHz
Organ Speed of sound (m/s), mean ± SD
Brain 1566.33 ± 9.9
Liver 1604.7 ± 16.8
Kidney 1574.9 ± 10.8
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0 7533 0 006477 2. .f f+ (R2 = 0.85) for brain, 0 7252. f +
0 01414 2. f (R2= 0.70) for liver and 0 5771 0 006322 2. .f f+
(R2 = 0.83) for kidney in the frequency range 12–32 MHz.
Figures 6, 7 and 8 illustrate the polynomial fit pre-
viously calculated, from the mean attenuation across all
time points, with other published studies for each organ.
The polynomial fit found in this study has been ex-
tended to lower frequencies for comparison purposes.
Figure 9 illustrates the three polynomial fits calculated for
each organ in this study in comparison with the attenua-
tion coefficient of the IEC agar-TMM (Rabell Montiel et al.
2017) in the frequency range 4.5–50 MHz and the IEC
guideline (IEC 2001). The IEC recommended values
are the most widely used; therefore, in this study the
Fig. 3. Attenuation as a function of frequency for brain tissue measured the first time (t = 0) and then at t = 5 min and t = 10 min
after initial measurement. The standard deviation shown is calculated from the mean attenuation across all time points. The
second-degree polynomial fit calculated in this study is also shown. Data from 20 brain tissue samples.
Fig. 4. Attenuation as a function of frequency for liver tissue measured the first time (t = 0) and then at t = 5 min and t = 10 min
after initial measurement. The standard deviation shown is calculated from the mean attenuation across all time points. The
second-degree polynomial fit calculated in this study is also shown. Data from 20 liver tissue samples.
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acoustic properties of soft tissues were compared with these
values.
DISCUSSION
The aim of this study was to measure the acoustic
properties of ex vivo small animal soft tissue. Twenty brains,
20 kidneys (10 left and 10 right kidneys) and 20 livers were
extracted from 50 mice and sliced, and their acoustic prop-
erties measured using a pre-clinical ultrasound scanner
within 6 min post-euthanasia. Table 3 lists the SoS values
of published studies of the acoustic properties of brain,
liver and kidney from various sources at room and body
temperature.
Fig. 5. Attenuation as a function of frequency for kidney tissue measured the first time (t = 0) and then at t = 5 min and t = 10 min
after initial measurement. The standard deviation shown is calculated from the mean attenuation across all time points. The
second-degree polynomial fit calculated in this study is also shown. Data from 20 kidney samples (10 left and 10 right kidneys).
Fig. 6. Attenuation versus frequency of brain soft tissue data published in the literature and the second-degree polynomial fit
calculated in this study. The polynomial fit was calculated from the acoustical data collected from 20 mouse brains and was
extended to low frequencies (dotted line) for comparison purposes.
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An increase in either water or fat content results in
a decreased velocity of ultrasound in soft tissue (Duck
2012). For the brain and liver samples, SoS and attenua-
tion were analyzed against the weight and age of the animal
and against the measured thickness of the sample (data
not shown). Also, the SoS and attenuation coefficient of
the soft tissue samples were analyzed as a function of time
after excision, up to 15 min. None of these variables were
Fig. 7. Attenuation versus frequency of liver soft tissue data published in the literature and the second-degree polynomial fit
calculated in this study. The polynomial fit was calculated from the acoustical data collected from 20 mouse livers and was
extended to low frequencies (dotted line) for comparison purposes..
Fig. 8. Attenuation versus frequency of the kidney soft tissue data published in the literature and the second-degree polyno-
mial fit calculated in this study. The polynomial fit was calculated from the acoustical data collected from 20 mouse kidneys
(10 left and 10 right) and was extended to low frequencies (dotted line) for comparison purposes.
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found to have a relationship with the measured acoustic
properties.
Acoustic properties of PBS
In other studies, the acoustic properties of PBS were
considered similar to those of degassed, de-ionized water
at the same temperature (Muleki-Seya et al. 2016). In ad-
dition, some studies used saline (9% salinity) as their
acoustic reference fluid (Kumagai et al. 2014) and ob-
tained a SoS of 1536 m/s at 36 °C. However, saline has
higher salinity than PBS (4%).
The calculated SoS for PBS at 37 °C used in this study
was 1527.9 m/s. This SoS value was found to be 8.14 m/s
less than the SoS for saline (Kumagai et al. 2014) and
up to 4.5 m/s greater than the SoS for pure water (Bilaniuk
and Wong 1992; Del Grosso and Mader 1972).
Fig. 9. Attenuation versus frequency of polynomial fit found in this study, comparison with the attenuation data for Interna-
tional Electrotechnical Commission (IEC) agar tissue-mimicking material (IEC 2001; Rabell Montiel et al. 2017).
Table 3. Speed of sound (SoS) of the small animal soft tissue samples, brain, liver and kidney from published studies. The
values measured in this study has been added for comparison purposes only. Blank spaces indicate that no information is available
Organ Temperature (°C) Frequency (MHz) SoS (m/s), mean ± SD Source of tissue Reference
Brain 37 1–5 1562 ± 1.2 Human Kremkau et al. 1981
1 1510 Welkowitz et al. 1992
12–32 1566.33 ± 9.9 Mouse This study
Liver 22 100 1570 ± 10 Rat O’Brien 1988
Room 100 1550 Tervola et al. 1985
36.3 1596 ± 4.8 Human Kumagai et al. 2014
2 1510 Welkowitz et al. 1992
37 3 1578.3 ± 5.4 Chen et al. 1987
37.2 1578.1 ± 2.9 Sehgal et al. 1986
20 1–6 1577 ± 11 Bamber and Hill 1980
37 1–7 1607 Bamber and Hill 1979
1–7 1597–1639 Bovine Bamber and Hill 1979
3.5 1579 Pig Lopez-Haro et al. 2010
23–26 100 1565 ± 7.8
1567 ± 13.2
Sheep/cat Frizzel and Gindorf 1981
21.8 5
5
1588.2 Chicken Martinez-Valdez et al. 2015
46 1609.8
37.2 12–32 1604.7 ± 16.8 Mouse This study
Kidney 2 1560 Human Welkowitz et al. 1992
37.2 100 1560.2 ± 1.8 Rajagopalan et al. 1979
37 3.5–7 1571 Pig Worthington and Sherar 2001
23–26 100 1586 ± 10.7 Mouse Frizzel and Gindorf 1981
37.2 12–32 1574.9 ± 10.8 Mouse This study
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Additionally, Worthington and Sherar (2001) measured a
SoS for PBS at 37 °C of 1541 m/s, but using a salinity of
0.9% in Coppens’s (1981) formula. This results in a SoS
value of 13.1 m/s higher than the SoS value used in this
study. The difference in the calculated SoS values between
saline and PBS is likely due to the different salt
concentrations.
The attenuation data for PBS at 37 °C calculated in
this study was found to be similar to that of degassed, de-
ionized water, and was proportional to f2 over the frequency
range 12–32 MHz. Previous published studies (Muleki-Seya
et al. 2016; Worthington and Sherar 2001) that used PBS
as a reference fluid assumed the attenuation coefficient to
be the same as that of water (2.17 × 10–3 dB/cm/MHz2 at
20 °C) (Duck 2012). At 32 MHz, the difference in atten-
uation coefficient between pure water at 20 °C and PBS
at 37 °C was found to be 0.67 dB/cm.
Brain
The SoS measured in the brain samples is in good
agreement with Kremkau et al. (1981) where measure-
ments were taken from human brain samples over the
frequency range 1–5 MHz and measured at 37 °C. However,
the SoS measured in this study was 56 m/s higher than that
of human brain tissue samples measured by Welkowitz et al.
(1992).
For brain attenuation, the largest inter-sample dif-
ference of 13.2 dB/cm was found at 26 MHz. By extending
the second-degree polynomial fit calculated in this study
to lower frequencies, we found that the attenuation from
this study agrees at 1 MHz with a 0.5 dB/cm difference
with the values of Bamber (1981), Goss et al. (1979),
Kremkau et al. (1981) and Welkowitz et al. (1992). Com-
pared with the extended polynomial fit at lower frequencies,
the maximum difference was found to be 5 dB/cm at
5 MHz (Foster and Hunt 1979; Gammell et al. 1979).
Moreover, the attenuation-versus-frequency data mea-
sured in this study were re-expressed and extended to lower
frequencies as a power law of the form afb, where f is the
frequency (MHz) and a and b are the coefficients of the
fit. The power law fit calculated for the brain was 0.91 dB/
cm/MHz (R2 = 0.84). Kremkau et al. (1981) reported an
attenuation of 1.08 dB/cm/MHz, Bamber (1981) re-
ported 1.1 dB/cm/MHz and Strowitzki and Brand (2007)
reported 0.94 ± 0.13 dB/cm/MHz. The maximum differ-
ence in the attenuation power law fit was with Bamber and
Hill (1979) by 4.2 dB/cm at 5 MHz (Fig. 6).
Liver
There have been extensive publications of the acous-
tical properties of liver at low frequencies, yielding a wide
range of SoS and attenuation coefficient values. Based on
those studies published for mammalian livers, at ultra-
sound frequencies ranging from 1 to 9 MHz at different
temperatures (22 °C and 37 °C), the SoS varied between
1545 and 1639 m/s (Bamber and Hill 1979, 1980; Chen
et al. 1987; Frizzel and Gindorf 1981; Kumagai et al. 2014;
Martínez-Valdez et al. 2015; Welkowitz et al. 1992). The
attenuation coefficient from those published studies (Fig. 7)
varied between 0.35 and 1.3 dB/cm/MHz (Bamber et al.
1977; Fujii et al. 2002; Garra et al. 1984; Goss et al. 1979;
Itoh et al. 1988; López-Haro et al. 2010; Lu et al. 1999;
O’Brien 1988; Ophir et al. 1984; Parker 1983; Parker et al.
1988; Taylor et al. 1986; Welkowitz et al. 1992).
The SoS of liver measured in this study was found
to be within 5 m/s of the values in the studies by Bamber
and Hill (1979) and Martínez-Valdez et al. (2015) and was
up to 33 m/s higher than those of Bamber and Hill (1980),
Chen et al. (1987), Kumagai et al. (2014), Martínez-Valdez
et al. (2015), López-Haro et al. (2010), O’Brien (1988)
and Sehgal et al. (1986). The largest difference was found
to be with Welkowitz et al. (1992), who reported a SoS
of 1510 m/s at 2 MHz.
It is known that during excision, gas is more likely
to be introduced into the liver than into any other organ
because of its highly vascular structure and its tendency
to produce gas during autolytic decay. The presence of gas
in specimens is reported to be the greatest problem in the
preparation of soft tissue samples for acoustical measure-
ments (Bamber 1981). Measurements in this study were
initiated within 6 min post-euthanasia, and during mea-
surement sequences, the samples were kept in PBS at 37 °C.
Therefore, it is not believed that the high variability (18 dB/
cm at 32 MHz, see Fig. 4) of the attenuation coefficient
in this study derives from the production of gas by auto-
lytic decay.
Previous studies obtained attenuation coefficients
ranging between 0.44 and 0.65 dB/cm/MHz (Fujii et al.
2002; Itoh et al. 1988; Lu et al. 1999; Parker et al. 1988).
Even though the attenuation of liver has been studied ex-
tensively in various publications, there is an 8.8 dB/cm
variability in the attenuation coefficients at 9 MHz (Garra
et al. 1984; Itoh et al. 1988; Lu et al. 1999; Maklad et al.
1984; Parker et al. 1988; Taylor et al. 1986). The atten-
uation of the liver has also been studied at frequencies
similar to those used in this study. Wirtzfeld et al. (2015)
found a difference of 26.5 dB/cm at 32 MHz compared
with the results of this study. This difference could be due
to the decellularized method used by Wirtzfeld et al. (2015)
versus the fresh tissue ex vivo method used in this study.
Furthermore, by extending the second-degree polynomi-
al fit found in this study to lower frequencies (Fig. 7), the
data from this study were found to be in good agreement
with the data published for bovine and human liver at 37 °C
up to 9 MHz (Foster and Hunt 1979; Fujii et al. 2002;
Gammell et al. 1979; Goss et al. 1979; Lu et al. 1999).
Also, the second-degree polynomial fit calculated in this
study was found to be in agreement within ±6 dB/cm with
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those for pig, rat and human livers measured up to 9 MHz
by López-Haro et al. (2010), O’Brien (1988), Lu et al.
(1999) and Gammell et al. (1979).
The attenuation-versus-frequency data for liver
samples calculated in this study can also be expressed
as a power law of the form 1.08 dB/cm/MHz (R2 = 0.66).
This power law was found to be in good agreement
(±0.42 dB/cm/MHz) with those power laws reported for
pig (1.2 dB/cm/MHz (López-Haro et al. 2010)), rat
(1.3 ± 0.09 dB/cm/MHz (O’Brien 1988)) and human
(1.6 ± 0.21 dB/cm/MHz (Lu et al. 1999), 1.5 dB/cm/
MHz (Gammell et al. 1979)) livers.
Kidney
The difference in SoS values between the left and right
kidneys, using different dissection planes, was 0.97 m/s.
Based on the second polynomial fit, the difference in at-
tenuation coefficient was found to be a maximum of
1.31 dB/cm between the planes across the frequency range
12–32 MHz. Despite measurement of the acoustic prop-
erties from different dissection planes, the mean attenuation
values did not exhibit a consistent variation. Previous work
has indicated that the variations in acoustic properties of
the kidney are associated with five sections across the lon-
gitudinal axis in canine renal anatomy (Sarvazyan and
Klemin 1983). In that study, the SoS exhibited a differ-
ence of 5 m/s and a difference of 0.5 dB/cm at 8.8 MHz
in dog kidney (from the cortex through to the renal veins).
In this study, an endeavor was made to ensure mea-
surements were undertaken within the medulla in both
dissection planes. The limited variation in our measure-
ments would suggest that this has been achieved. The
acoustic properties found for both the left and right kidneys
were combined by taking the mean value and comparing
the means with those in the literature. The mean magni-
tude of the SoS values from the kidney was found to lie
within the range of values obtained from studies pub-
lished on human and mouse kidneys at different
temperatures (Table 3). Inter-sample attenuation as a func-
tion of frequency was found to vary up to 5 dB/cm at 30–
32 MHz, and the smallest difference, 1 dB/cm, was seen
at 3 MHz. In Figure 8, the polynomial fit calculated in this
study is compared with those in published studies. The
magnitude of the attenuation data calculated using the
second-degree polynomial fit calculated in this study fall
within the magnitude of attenuation found in the pub-
lished studies. This polynomial fit was found to be smaller
by 2.7 dB/cm compared with data from Gammell et al.
(1979), Goss et al. (1979) and Welkowitz et al. (1992),
and higher by up to 1.6 dB/cm compared with data re-
ported by Worthington and Sherar (2001) in the frequency
range 1–9 MHz. The attenuation-versus-frequency data for
kidney can be fitted to a power-law curve. The power-
law fit obtained was 0.73 dB/cm/MHz (R2 = 0.81). This
fit gave values of attenuation as much as 0.33 dB/cm/
MHz higher than the attenuation measured for bovine and
porcine kidney at 37 °C and 45 °C (Goss et al. 1979;
Worthington and Sherar 2001). These differences could
be attributable to differences in animal kidneys or to the
difference in temperatures at which the studies were un-
dertaken up to 65 °C (Worthington and Sherar 2001). The
kidney has been studied up to 35 MHz by Wirtzfeld et al.
(2015), the difference in the attenuation coefficient with
this study was found to be up to 10.2 dB/cm at 32 MHz.
Comparison with TMM
The frequency range used in this study (12–32 MHz)
falls out-with the range over which the IEC guidelines give
recommended values (2–10 MHz). However, assuming that
dispersion is insignificant, the biggest difference in the SoS
from recommended TMM SoS values was found in liver
tissue (64 m/s).
For the attenuation coefficient, the polynomial fits cal-
culated from the brain, liver and kidney tissue data were
compared with previously published acoustical measure-
ments for the IEC agar-TMM (Fig. 9) up to 50 MHz. The
attenuation of kidney matched that of the IEC agar-
TMM with a consistent difference of 0.5 dB/cm in the
frequency range 12 to 32 MHz. This difference falls within
the 2 dB/cm SD specified for IEC agar-TMM attenua-
tion (Rabell Montiel et al. 2017). The largest difference
in the attenuation coefficient was found to be that for liver
tissue, 14 dB/cm at 32 MHz, compared with IEC agar-
TMM (Rabell Montiel et al. 2017).
CONCLUSIONS
The acoustical properties of mouse soft tissue samples
(brain, liver and kidney) were measured over the frequen-
cy range 12–32 MHz while immersed in PBS at 37 °C.
The samples were obtained from recently euthanized
C57BL/6 healthy male mice with a mean age of
6.9 ± 3.9 mo. Measurements were undertaken within 6 min
after euthanasia and then at 5 and 10 min after the first
measurement.
The measured SoS values of the brain, liver and
kidney were found to be 1566.3 ± 9.9, 1604.7 ± 16.8 and
1574.9 ± 10.8 m/s, respectively. For all the small animal
soft tissues, the SoS results were comparable to those pub-
lished at lower ultrasound frequencies (1–9 MHz).
The attenuation of the small animal soft tissue samples
was seen to increase with increasing frequency. The at-
tenuation coefficient was found to be non-linear as a
function of frequency and was modelled as second-
degree polynomials: 0 7533 0 006477 2. .f f+ (R2 = 0.85)
for brain, 0 7252 0 01414 2. .f f+ (R2 = 0.70) for liver and
0 5771 0 006322 2. .f f+ (R2 = 0.83) for kidney.
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Research into the acoustical properties of soft tissue
based on the structure of the organ during normal and ab-
normal function is vitally important (Sarvazyan and Klemin
1983) as this information is useful for diagnosis (Kumagai
et al. 2014).
Finally, quality phantoms are made of TMM that
mimics the acoustic properties of soft tissue. The use of
high-frequency ultrasound for both clinical and pre-
clinical applications has increased in recent years, resulting
in a need to develop a relevant TMM suitable for use at
these high frequencies. The acoustic properties of soft tissue
have been previously assessed up to 9 MHz and at 15–
35 MHz. Establishing the acoustic properties of soft tissue
at high frequency is a required first step in the develop-
ment of a suitable TMM quality assurance phantom.
Currently, the IEC guideline does not provide the neces-
sary guidance data to develop a TMM suitable for
frequencies above 10 MHz. Furthermore, to reproduce the
acoustic properties of small animal soft tissue using the
IEC agar-TMM as a base, a modification in the IEC agar-
TMM recipe must be generated to match the SoS of the
brain, liver and kidney at these higher frequencies. There-
fore, the data provided in this study can be used as a basis
for a recipe for TMM that is representative of tissue prop-
erties at high frequencies.
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